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ABSTRACT 
 Increasing demand and decreasing reserves of oil together with uncertainties in external 
supply and global atmospheric change has created a need for alternative and renewable fuel 
sources. Plant based fuels are expected to help close the gap between supply and demand and 
create a pathway to energy security and independence. Among the potential biofuel crop species, 
C4 plants are the top candidates, and include maize, sorghum, switchgrass, and sugarcane.  C4 
plants are capable of producing higher biomass yields and have greater water and nitrogen use 
efficiency than C3 plants, largely due to the elimination of photorespiration, but this greater yield 
and efficiency potential is only realized at optimal environmental conditions. C4 species are 
classically photosynthetically limited in cooler climates and are typically outcompeted by C3 
species in regions where the mean summer temperature is below 8-10 °C. The lower frequency 
of C4 species in these regions has been hypothesized to be caused by either 1) an unavoidable 
breakdown of, or limitation by, a component of their carbon assimilation pathway, including 
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), phosphoenolypyruvate carboxylase 
(PEPc), pyruvate phosphate dikinase (PPDK) or one of the three decarboxylating enzymes 
specific to the C4 sub-type, or 2)  the fact that C4 photosynthesis evolved relatively recently from 
C3 species of tropical and sub-tropical origin, suggesting that there has not been sufficient 
evolutionary time for species possessing C4 photosynthesis to have fully adapted to cooler 
regions.  
 C4 species of the genera Miscanthus and Spartina have successfully colonized cool 
temperate and cold climatic regions, with Spartina having the most northerly distribution of any 
known C4 genus. Within these genera, Miscanthus × giganteus, Miscanthus sinensis and 
Spartina pectinata have already been evaluated for their potential as biofuel crops, and M. × 
giganteus has been found to possess significant chilling tolerance relative to other C4 species.  
This dissertation aims to understand this apparently unique tolerance of C4 photosynthesis with 
three investigations (Chapters 2-4).   
Chapter 2 analyses the transcriptome of M. × giganteus on acclimation to chilling 
temperatures in comparison to that of chilling-intolerant Zea mays using microarray and qPCR. 
Notably, in response to 14 days of chilling (14 °C) M. × giganteus up-regulated 30 transcripts 
encoding chloroplast and light-reaction proteins.  Validation and comparison of a portion of the 
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key transcripts to Z. mays confirmed these results and found that the opposite response in 
transcription is seen in Z. mays during chilling.  Western blot analysis of two key proteins 
encoded by the up-regulated transcripts in M. × giganteus, the D1 protein and LHCII type II 
chlorophyll a/b binding protein, showed significant increases in M. × giganteus during chilling 
and significant decreases in Z. mays.   
Chapter 3 examines whether chilling tolerance in Miscanthus is constitutive or has 
evolved progressively as species migrated northward through Japan.   M. sinensis, one of the 
parent species of the M. × giganteus hybrid, is found throughout Japan.  Three accessions of M. 
sinensis spanning from the sub-tropical southern-most tip to the cold northern-most tip of the 
major islands of Japan were grown in a common controlled environment and were then 
acclimated to chilling (14 °C) over 14 days.  Following acclimation, the population from the 
northern-most location showed significantly higher  photosynthetic rate of leaf CO2 uptake (A) 
and quantum yield of photosystem II (ΦPSII), and elevated contents of the rate-limiting enzymes  
PPDK and Rubisco (western blot analysis). By contrast, the chilling-intolerant southern 
population showed significant losses of these proteins.  This suggests that genetic capacity for 
chilling acclimation has evolved as M. sinensis has dispersed to northward in Japan.  Although 
M. × giganteus probably originated from the mid-latitudes of Japan, it showed even greater 
photosynthetic capacity following chilling acclimation, suggesting that its chilling tolerance is 
either a result of hybrid heterosis, or inheritance from the second parent, M. sacchariflorus.  The 
findings add further credence to observations of previous studies that maintenance or increase in 
PPDK content is critical to the ability of C4 plants to photosynthesize efficiently in chilling 
conditions.   
Chilling tolerance in Spartina species has been suggested to result from its use of PEP 
carboxykinase (PEP-CK) as its C4 decarboxylating enzyme. PEP-CK forms PEP in the bundle 
sheath which is then translocated to the mesophyll, bypassing the need for PPDK, and in turn 
circumventing low temperature limitation by PPDK.  Indeed, previous studies of Spartina from a 
cool climate have failed to detect PPDK.  Chapter 4 compares the chilling response of Spartina 
pectinata cv. ‘Red River’, a C4-PEP-CK sub-type, to two species of the C4-NAPD-ME sub-type, 
one chilling tolerant, M. × giganteus, and one chilling intolerant, Z. mays.  After acclimation 
with 14 days of chilling at 14 °C, S. pectinata maintained significantly higher A than M. × 
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giganteus and Z. mays during chilling, and there was also a significant decrease in whole chain 
electron transport rate and photochemical quenching in M. × giganteus but not in S. pectinata. 
Surprisingly, S. pectinata and M. × giganteus had similar amounts of PPDK per unit leaf area at 
25 °C, and both exhibited large and significant increases in PPDK during chilling. M. × 
giganteus showed a significant increase in Rubisco (33%), while Rubisco content was 
maintained in S. pectinata, and declined significantly (30%) in Z. mays. PEP-CK was also 
maintained during chilling in S. pectinata.  These results show for the first time that PPDK is not 
only present in Spartina, but that ability to acclimate photosynthetic capacity to chilling 
conditions also corresponds to an increase in photosynthesis.  The results also suggest that S. 
pectinata may provide an even greater capacity for photosynthetic productivity in cold climates 
than M. × giganteus.   
Collectively, the results of this dissertation show that chilling tolerance in C4 
photosynthesis is not species or sub-type specific and that chilling tolerance within C4 
photosynthesis may have adapted through similar means in two very separate clades and 
biochemical types of C4 grasses. In M. × giganteus, key transcriptional responses in chloroplast-
specific genes correspond to the maintenance of higher rates of A and ΦPSII. The three species 
exhibiting the greatest chilling tolerance, measured as higher rates of A and ΦPSII, all showed the 
same response to chilling of an increase in PPDK content with no reduction in Rubisco content.   
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CHAPTER 1 
GENERAL INTRODUCTION 
Worldwide demand and consumption of nonrenewable fossil fuels is on a continuing 
incline, making the production of alternative fuels increasingly imperative.  The use of dedicated 
energy crops for biofuel production is receiving increased research emphasis. The ideal crop 
species for biofuel production utilize C4 photosynthesis.  These species are categorized by their 
energy driven mechanism of concentrating CO2 at the site of ribulose-1,5-bisphosphate (RuBP) 
carboxylation via RuBP carboxylase/oxygenase (Rubisco) (Hatch and Slack 1966).  This 
elevation of CO2 concentration ([CO2]) is sufficient to almost completely inhibit the oxygenase 
reaction catalyzed by Rubisco that would otherwise lead to photorespiration.  By avoiding 
photorespiration, C4 plants gain a 30% higher potential photosynthetic productivity (Bauwe 
2011) and higher efficiencies of water and nitrogen use (reviewed: Ghannoum et al. 2011).  This 
highly efficient concentration mechanism requires the presence of two distinct layers within the 
photosynthetic tissues of the plant.  These two layers, termed Kranz anatomy, contain the 
mesophyll cells and the bundle sheath cells (Hatch 1987; von Caemmerer and Furbank 2003; 
Sage 2004; Nelson 2011).  The mesophyll cells reside in the intercellular airspace and assimilate 
CO2 into the four carbon acid oxaloacetate (OAA) via phosophoenolpyruvate carboxylase 
(PEPc), which is localized in the cytoplasm.  OAA is then either reduced to malate or aminated 
to aspartate. The four-carbon acid is then transferred into the bundle sheath cells, which 
constitute the inner layer of the C4 Kranz anatomy (Figure 1.1).  In the bundle sheath, the four-
carbon acid is decarboxylated by one of the three C4 enzymes by which C4 species may be 
subdivided, NADP-dependent ‘malic enzyme’ (NADP-ME), NAD-dependent ‘malic enzyme’ 
(NAD-ME), or phosphoenolpyruvate carboxykinase  (PEP-CK) (Kagawa and Hatch 1975; 
Drincovich et al. 2011). The released CO2 is then assimilated into the Calvin cycle and the three-
carbon product is transported back to the mesophyll where it is used to regenerate PEP via PPDK 
and complete the C4 cycle (Hatch and Kagawa 1973).  The benefit of this pathway is the 
concentration CO2 at the site of Rubisco, inhibiting the oxygenation reaction which results in the 
costly process of photorespiration in C3 plants (von Caemmerer and Furbank 2003).  This 
difference explains how C4 plants are more efficient in terms of light, nitrogen, and water use 
than the C3 pathway above 20 ˚C, because of its near elimination of photorespiration, but below 
2 
 
20 ˚C this efficiency is not realized in most C4 plants (Long 1983; Long et al. 2006; Sage and 
Kubien 2007; Sage et al. 2011).     
Economically important C4 crops including maize, sorghum and sugarcane are unable to 
realize the potential of C4 photosynthesis in cool climates, or during the cooler parts of the 
growing season in temperate climates (Long et al. 1983; Nie et al. 1992; Haldimann 1996; Du et 
al. 1999; Ercoli et al. 2004; Dohleman and Long 2009).  In regions where the mean summer 
minimum temperature is below 8-10 ºC, C4 plants make up a very small fraction of the flora of 
cool temperate and cold climates (Long 1983; Sage et al. 2011)   The rarity of C4 species in 
colder environments could be due to the lack of adaptation and fitness of these species for colder 
climates, unrelated to their photosynthetic type, since they have largely originated from C3 
ancestors from warm climates (Sage et al. 2011).  However, since the C4 photosynthetic pathway 
has evolved over 50 times independently from C3, it is assumed that the near absence of the C4 
pathway from cooler climates is a result of a mechanistic barrier in the C4 photosynthetic process 
rather than a competitive elimination, which inhibits its survival in these regions (Sage 2004; 
Sage et al. 2011). The mechanistic barrier would have to reside within components unique from 
C3 photosynthesis and common to C4, i.e. pyruvate phosporylation via PPDK, PEP 
carboxylation, and RuBP carboxylation within the bundle sheath cells.    
In saturating light, leaf CO2 uptake rate (A) describes a defined relationship with 
intercellular [CO2] ( Ci). At low Ci, PEP carboxylase activity is rate limiting (von Caemmerer 
2000).  At higher Ci, the rate of PEP regeneration is limiting.  PEP regeneration could potentially 
be limited by all enzyme reactions and transport processes between PEP carboxylation and PEP 
regeneration.  However, use of anti-sense technology to lower amounts of specific proteins, has 
suggested that metabolic control of PEP regeneration resides with Rubisco and with PPDK 
(Furbank et al. 1987).  At optimal temperature and under normal atmospheric conditions Ci is 
typically about two-fifths of ambient atmospheric [CO2] and this is sufficient to saturate A.  
Therefore under optimal conditions A is regulated by capacity for PEP regeneration, rather than 
PEP carboxylation.  PEP regeneration also depends on the supply of ATP and NADPH from 
photosynthetic electron transport, and if this is impaired for any reason, this may also control 
PEP regeneration.  In low light conditions, photosynthetic rate is limited by the efficiency of leaf 
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absorption, the maximum quantum yield of CO2 uptake (Long 1983) and the amount of absorbed 
energy diverted  into alternative energy sinks (Farage et al. 2006).  
At suboptimal temperature conditions, it remains unclear whether light-saturated C4 
photosynthesis is controlled by the maintenance of high carboxylation efficiency (PEPc), high 
capacity for PEP regeneration (PPDK), high rates of Rubisco activity, or some combination of 
these.  All three enzymes have shown rate reductions both due to lower specific activity and loss 
of these proteins during chilling (Naidu et al. 2003; Sage et al. 2011). Significant research has 
pointed to Rubisco as having key control during chilling. Transgenic reductions in the activity of 
Rubisco in Flaveria bidentis correlated closely with the reduction in light-saturated 
photosynthesis at low temperature (Usami et al. 1995; Trevanion et al. 1999). In cold-tolerant 
species Bouteloua gracilis and Amaranthus retroflexus, leaf photosynthetic rates at and below 20 
°C were very similar to the maximum extractable rates of Rubisco (Sage. et al. 2000; Guo and 
Al-Khatib 2003).   In the case of PPDK, the C4 isoform of the enzyme is cold labile in vitro, with 
the subunits dissociating below 10 ºC (Sugiyama 1973; Hatch 1978; Shirahashi 1978), and rates 
during chilling have been found minimally sufficient to support in vivo rates of photosynthesis 
(Sage et al. 2011).   These factors affect light-saturated photosynthesis. Equally important in the 
field and especially in a crop setting is the maximum quantum yield of CO2 uptake (ΦCO2,max), 
i.e. the initial slope of the response of A to photon flux density (Q).  About half of net carbon 
uptake by a crop canopy over the course of a day occurs in light-limited leaves, where the rate of 
uptake will be determined primarily by ΦCO2,max.    
Chilling response has been studied extensively in the NADP-ME species Z. mays.  
Z.mays is the only C4 crop currently grown in cool temperate climates.  However, its 
photosynthesis has been found to be chilling intolerant, affecting planting day and performance 
during the early and sometimes late growing season.  During chilling, Z. mays displays a reduced 
ΦCO2,max resulting from a combination of the dissipation of excess absorbed light energy (NPQ), 
chilling-dependent photoinhibition, and impaired synthesis of key proteins of PSII and the light-
harvesting complex (LHC) (Nie and Baker 1991; Long et al. 1994; Fryer et al. 1995).  A critical 
function necessary to the maintenance of photosynthesis during chilling is the ability of the 
chloroplast to degrade damaged D1, a particularly labile component of PSII, and then synthesize 
and assemble D1 back into PSII (Bredenkamp and Baker 1994; Fryer et al. 1995; Ruelland et al. 
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2009).  This repair function is inhibited in Z. mays during chilling and this has been attributed to 
decreased expression of psbA, the plastid gene that encodes D1 (Bredenkamp and Baker 1994; 
Allen and Ort 2001).  Corresponding with reduced Asat, contents of PPDK and Rubisco are 
shown to decrease by 50% and 30%, respectively, in Z. mays grown at 14°C (Wang, Portis, et al. 
2008). 
The discovery of C4 species which are highly productive in cold environments has 
challenged the assumption that C4 photosynthesis has an innate barrier limiting it to warmer 
climates. Miscanthus × giganteus Greef & Deu. ex. Hodkinson & Renvoize (Hodkinson and 
Renvoize 2001), a rhizomatous perennial grass and bioenergy crop native to Japan, is productive 
in cold climates, maintaining photosynthetic capacity during chilling (≤14 °C) (Beale and Long 
1995; Beale et al. 1996; Naidu and Long 2004).  Some of the first field studies on M. × 
giganteus in north-western Europe, having chilling temperatures at the beginning and end of the 
growing season, found M. × giganteus to have an efficiency of conversion of intercepted visible 
radiation into biomass energy of .078 compared to .051 of another C4 grass of cool temperate 
origin, Spartina cynosuroides (Beale and Long 1995).  Similarly in southern Europe, M. × 
giganteus was able to maintain photosynthetic capacity, both in terms of Asat and ΦCO2,max, 
during chilling temperatures at the beginning of the growing season, and only suffered 
impairment due to chilling at the end of the growing season (Beale et al. 1996).   M. × giganteus 
is just as successful in North America, averaging biomass yields up to 30 t ha 
-1
 in the 
Midwestern United States (Heaton et al. 2004; Heaton, Dohleman, and Long 2008; Dohleman 
and Long 2009).  This yield is 59% higher than that of Z. mays, which as described above, is a 
classically cold-intolerant C4 species, but nevertheless highly productive relative to other grain 
and seed crops (Dohleman and Long 2009). The ability of M. × giganteus to out-yield Z. mays 
under the productive conditions of the eastern Corn Belt was attributed to its ability to form 
photosynthetically competent leaves 6 weeks before Z. mays and to maintain them for a similar 
period after maturation of the Z. mays crop (Dohleman and Long 2009).  This exceptional 
chilling tolerance of photosynthetic capacity is attributed to the maintenance of photosynthetic 
efficiency in carbon metabolism, efficiency of electron transport through photosystem II (ΦPSII), 
and maximum quantum yield of CO2 assimilation (Naidu and Long 2004).  Maintained ΦCO2,max  
in M. × giganteus may in part result from avoidance of chilling-dependent photoinhibition 
through the dissipation of excess absorbed light energy as heat (NPQ).  Zeaxanthin, a 
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photoprotective xanthophyll involved in inducible NPQ, increased twenty-fold in M. × giganteus 
grown at 8°C (Farage et al. 2006).  Protein analysis has revealed that the increase and 
maintenance of two key rate limiting enzymes of the C4 pathway, PPDK and Rubisco, parallels 
the maintenance of A during chilling in this NADP-ME species(Naidu et al. 2003; Wang, Naidu, 
et al. 2008; Wang, Portis, et al. 2008). 
 The genus Spartina has the most northerly distribution of any of the C4 perennial grasses, 
reaching up to 60° N in Quebec, Canada (Potter et al. 1995).  Spartina species are known to 
develop photosynthetically active canopies earlier than most other warm- season grasses (U.S. 
DOE 2006).  The species Spartina pectinata Link (prairie cordgrass), like M. × giganteus, is a 
tall, rhizomatous, C4 perennial warm-season grass species native to North America.  S. pectinata 
is found predominantly in tall grass prairie, marshes, wet meadows, and drainage ways 
throughout Canada and the United States, with the exceptions of Louisiana to South Carolina in 
the U.S. Southeast as well as California, Nevada, and Arizona in the West (Mobberley 1956). 
This species, along with the entire genus, is well-known for its tolerance to salinity, on account 
of glands in the leaf which actively secrete Na
+
 (Olesen and Haukrogh 1986; Kim et al. 2011).  It 
is highly valued for wetland restoration, erosion prevention, native wildlife habitat construction, 
and to a lesser extent forage production (Montemayor et al. 2008).   
 S. pectinata has been evaluated for biomass production in Europe (Potter et al. 1995), in 
Quebec (Madakadze et al. 1998) and in South Dakota (Boe and Lee 2007; Boe et al. 2009), and 
promises yields comparable, at least, to those of Panicum virgatum L. (switchgrass).  In South 
Dakota, S. pectinata ‘Red River’ Natural Germplasm yielded 14.6 Mg h -1 on marginal lands. 
Unlike Miscanthus and other NADP-ME species, Spartina species use PEP-carboxykinase (PEP-
CK C4) to decarboxylate the C4 dicarboxylate releasing CO2 in the bundle sheath and near the 
site of Rubisco.  Decarboxylation by PEP-CK generates PEP in the bundle sheath.  Normally, 
this PEP is then converted to pyruvate or alanine and translocated back to the mesophyll, where 
pyruvate is then re-converted to PEP via PPDK (Drincovich et al. 2011).  Though still debated 
(Hatch and Kagawa 1973; Hatch 1987; Furbank et al. 2004) one solution to the low temperature 
liability of PPDK, would be to bypass this step in the cycle by translocating PEP directly back to 
the mesophyll to the site of carboxylation by PEPc.  If this were the case it suggests that 
Miscanthus and Spartina may have solved the problem of acclimation to chilling conditions, 
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with respect to PPDK, by very different routes, one increasing the enzyme and one by-passing it.  
Previous studies of the related species, Spartina anglica, by two laboratories failed to find any 
significant PPDK activity, giving support to this by-pass theory (Smith et al. 1982; Smith and 
Woolhouse 1983; Hatch 1987; Matsuba et al. 1997; Furbank et al. 2004). 
The research in this dissertation explores the nature of chilling tolerance within three 
different C4 grass species of economic and environmental significance.  The first study (Chapter 
2) examines the molecular basis behind the chilling tolerance in M. × giganteus in comparison to 
the chilling sensitive species Z. mays using microarray and quantitative-PCR approaches. 
Significant transcriptional responses are then compared to the response in the corresponding 
proteins.  The second study (Chapter 3) determines whether chilling tolerance has evolved 
progressively within the Miscanthus genus by examining M. sinensis, a parent of M. × giganteus, 
accessions from the sub-tropical south of the Japanese islands to the cold climate of the 
northernmost.  Photosynthetic acclimation to chilling in these accessions is examined by in vivo 
gas exchange and modulated chlorophyll fluorescence, coupled with western blot analysis of 
changes in amounts of the key photosynthetic proteins PPDK and Rubisco. The final study 
(Chapter 4) examines chilling tolerance of photosynthesis in the PEP-CK-type C4 species S. 
pectinata in comparison to M. × giganteus and Z. mays and elucidates whether PEP-CK type 
species achieve chilling tolerance without PPDK. 
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FIGURES AND TABLES 
 
Figure 1.1 Brightfield image of a cross-section of a M. x giganteus leaf showing Kranz anatomy. Parafin 
embedding, Toluidine Blue staining, and magnification 10X. Image by Ashley K. Spence, Institute for 
Genomic Biology Core Microscopy Facilities.  
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CHAPTER 2 
 
TRANSCRIPTIONAL RESPONSES INDICATE MAINTENANCE OF PHOTOSYNTHETIC PROTEINS AS 
KEY TO THE EXCEPTIONAL CHILLING TOLERANCE OF C4 PHOTOSYNTHESIS IN 
MISCANTHUS X GIGANTEUS 
 
ABSTRACT 
Miscanthus × giganteus is exceptional among C4 plants in its ability to acclimate to 
chilling temperatures (≤14 °C) and maintain a high photosynthetic capacity, in turn leading to 
very high productivities even in cool temperate environments.  To identify mechanisms that may 
underlie this acclimation, RNA was isolated from Miscanthus leaves exposed to chilling and 
non-chilling conditions, and hybridized to Agilent microarrays developed for its close relative 
Zea mays.  Among approximately 21000 array probes that yielded robust signals, 723 showed 
significant expression change in response to chilling.  Approximately half of these chilling-
responsive probes derived from annotated genes.  Strikingly, 30 probes associated with 
chloroplast membrane function were all up-regulated; a feature in common with chilling 
tolerance in the model C3 plant species Arabidopsis thaliana.  Large increases in transcripts for 
the psbo1 (oxygen-evolving enhancer protein 1), lhcb5 (chlorophyll a/b binding protein CP26), 
ndhF (NADH dehydrogenase F, chloroplast), atpA (ATP synthase alpha subunit), psbA (D1), 
petA (cytochrome f), and lhcb4 (chlorophyll a/b binding protein CP29), relative to house-keeping 
genes in M. × giganteus, were confirmed by qPCR. Chilling responses of these transcripts were 
studied in Z. mays and were all found to significantly decrease after 14 days of chilling treatment 
except in atpA and ndhF. Western blot analysis of the D1 protein and LHCII type II chlorophyll 
a/b binding protein showed significant increases in both proteins in M. × giganteus during 
chilling and significant decreases in Z. mays.  As in cold tolerant C3 species, M. × giganteus 
grown in chilling conditions appears to counteract the loss of photosynthetic proteins and those 
protecting Photosystem II, which occurs in other C4 species, by increasing mRNA levels for their 
synthesis.
1
 
                                                          
1 This chapter is in review by Plant Physiology under the title “Transcriptional Responses Indicate Maintenance of 
Photosynthetic Proteins as Key to the Exceptional Chilling Tolerance of C4 Photosynthesis in Miscanthus × giganteus” with co-
authors Jay Boddu, Dafu Wang, Stephen P. Moose and Stephen P. Long.  
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INTRODUCTION 
Miscanthus × giganteus Greef & Deu. ex. Hodkinson & Renvoize, a rhizomatous 
perennial grass and bioenergy crop, appears unique among C4 species in its productivity and 
maintenance of photosynthetic capacity during chilling (≤14°C) (Beale & Long 1995; Beale, 
Bint & Long 1996; Naidu & Long 2004).  In the closely related C4 crop Zea mays L. 
photosynthetic capacity declines rapidly in response to chilling (Naidu et al. 2003; Wang et al. 
2008a). This limits the growth of Z. mays in the U.S. Corn Belt to the chilling-free period of the 
year, despite intensive breeding efforts to improve chilling tolerance (Rodriguez et al. 2010).  In 
a side-by-side comparison, M. × giganteus proved 59% more productive than Z. mays within the 
U.S. Corn Belt even though both crops converted intercepted solar radiation into biomass with 
equal efficiency.  The higher productivity of M. × giganteus resulted from its ability to produce 
photosynthetically active leaves earlier and retain them later in the growing season—times when 
chilling temperatures prevent growth and photosynthesis of Z. mays (Dohleman & Long 2009). 
During chilling, Z. mays displays a reduced maximum quantum yield of photosynthetic 
CO2 assimilation (ΦCO2,max)  resulting from a combination of chilling-dependent photoinhibition 
and impaired synthesis of key proteins of PSII and the light-harvesting complex (LHC) (Nie & 
Baker 1991; Long et al. 1994; Fryer et al. 1994).  M. × giganteus does not show similar 
depression in ΦCO2,max and photosynthetic rate during chilling (Beale et al. 1996; Farage et al. 
2006).  Previous work has compared the photosynthetic capacity of M. × giganteus under 
chilling conditions to a population of the C4 sedge Cyperus longus native to S. England at 52° N 
—an exceptionally high latitude for any C4 species.  Growth of M. × giganteus at chilling 
temperatures ≥8°C did not alter the number of carbon dioxide molecules fixed per electron 
transferred through PSII (A/JPSII). In contrast A/JPSII declined significantly in C. longus, 
suggesting that even among C4 species native to cool climates, M × giganteus is exceptional in 
its ability to maintain high photosynthetic efficiency (Farage et al., 2006).  This maintenance of 
photosynthetic efficiency in M. × giganteus may in part result from avoidance of chilling-
dependent photoinhibition through the dissipation of excess absorbed light energy, termed non-
photochemical quenching (NPQ).  Zeaxanthin, a photoprotective xanthophyll involved in 
inducible NPQ, increased twenty-fold in M. × giganteus grown at 8 °C (Farage et al. 2006).  The 
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maintenance of photosynthetic CO2 assimilation would further dissipate absorbed excitation 
energy.  Both factors are pivotal in the avoidance of chilling-dependent photoinhibition, which in 
Z. mays is characterized by the accumulation of non-functional PSII reaction centers (Fryer et al. 
1995).   
M. × giganteus grown at 14 °C reaches the same light-saturated rates of CO2 assimilation 
(Asat) as plants grown at 25 °C.  Conversely, Z. mays leaves from plants grown at 14 °C display a 
light-saturated leaf CO2 uptake rate 10% that of plants grown at 25 °C (Naidu & Long 2004). 
This ability of M. × giganteus to maintain Asat under prolonged chilling has been correlated with 
its ability to maintain levels and activities of PPDK and Rubisco when grown at 14 °C that equal 
or exceed levels for plants at 25 °C.  These two enzymes have been shown to have high 
metabolic control coefficients for light-saturated C4 photosynthesis (Furbank et al. 1997).  By 
contrast, the concentrations and activities of these two enzymes decline markedly in Z. mays 
when transferred to 14 °C (Naidu et al. 2003; Wang et al., 2008a).  While these differences likely 
account for maintenance of Asat during chilling acclimation, they do not explain the parallel 
maintenance of a high maximum quantum yield of leaf CO2 assimilation (ΦCO2,max).  The initial 
slope of the response of leaf CO2 assimilation (A) to photon flux, i.e. the maximum quantum 
yield, provides an important measure of capacity for light-limited photosynthesis. In Z. mays, a 
decline in ΦCO2,max is attributed to the loss of efficiency of PSII, which is associated with 
impairment in the synthesis of key PSII and LHC proteins (Nie & Baker 1991; Fryer et al. 1995; 
Caffarri et al. 2005). 
While the comparative physiological aspects of chilling tolerance in M. × giganteus 
relative to Z. mays have been studied extensively, the molecular basis of this difference is largely 
unexplored.   In contrast to C4 species, many C3 species are chilling tolerant and acclimate their 
photosynthetic apparatus to chilling conditions.  Acclimation of Arabidopsis thaliana to chilling 
conditions includes up-regulation of genes for chlorophyll biosynthesis and proteins of the PSII 
reaction center and LHC (Zhu & Provart 2003; Ruelland et al. 2009).  By contrast, analysis of 
gene expression in chilling-intolerant Z. mays during acclimation to 14 °C showed significant 
down-regulation in transcripts coding for chlorophyll a/b-binding proteins (Trzcinska-
Danielewicz et al. 2009).  Here we ask the question of whether M. × giganteus has acquired a 
similar capacity as C3 cold-tolerant species in up-regulating or at least maintaining expression of 
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genes coding for key aspects of the photosynthetic apparatus during chilling, especially those 
proteins shown to become damaged or deficient in Z. mays and those relating to energy 
transduction on the photosynthetic membrane.   
MATERIALS AND METHODS 
Biological Materials 
Plant propagation, chilling treatment and leaf sample collection was performed at two 
independent times for M. × giganteus. The leaf samples from the first experiment were used in 
the microarray analysis and its qPCR validation, and the leaf samples from the second 
experiment, which included Z. mays at the same time, were used for the qPCR and protein 
content comparison to Z. mays.  
For the first experiment, Miscanthus × giganteus rhizomes were propagated in soil-less 
potting media (Sunshine Mix LC1
2 
; Sun Gro Horticulture, Bellevue, WA, USA) in 1.2 liter pots 
following the procedure of Naidu and Long (2004). Eight individual M. × giganteus plants were 
grown in two identical controlled-environment growth chambers (Conviron E15; Controlled 
Environments, Winnipeg, Manitoba, Canada) under 500 µmol photons m
-2
s
-1
 incident light 
provided by high-pressure mercury and sodium lamps, in a 14-h-day/10-h-night cycle at either 
14 ºC/12 ºC (chilling) or 25 ºC/20 ºC (control) day/night temperature.  Both chambers were 
maintained at 70% relative humidity.  The eight plants were initially grown in the control 
chamber for two weeks, and then half of these plants, selected by fully randomized design, were 
transferred to the chilling chamber. After two weeks of chilling, leaf samples were taken from 
the mid-point of the youngest fully expanded leaf from the control and treatment plants (Wang et 
al. 2008b; Naidu & Long 2004).  All leaf samples were immediately plunged into liquid nitrogen 
and then transferred to storage at -80ºC until RNA extraction for microarray and qPCR analysis.   
For the second experiment, M. × giganteus rhizomes were propagated as described above 
and Z. mays cv. B73 seeds were germinated in 1.2 liter pots in soil-less potting media following 
the procedure of Naidu and Long (2004). Eight individual M. × giganteus plants and eight 
individual Z. mays plants were grown in two identical controlled-environment growth chambers 
under the same conditions as experiment one.  The eight plants of each species were initially 
grown in the control chamber for two weeks, and then half of these plants, selected by fully 
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randomized design, were transferred to the chilling chamber. After two weeks of chilling, leaf 
samples were taken from the mid-point of the youngest fully expanded leaf from the control and 
treatment plants (Wang et al. 2008b; Naidu & Long 2004).  All leaf samples were immediately 
plunged into liquid nitrogen and then transferred to storage at -80ºC until RNA or protein 
extraction used in the second qPCR analysis and Western blot analysis.  
4 x 44K Agilent Oligonucleotide Two-color cDNA Maize Microarray 
RNA Extraction 
Total RNA from the four control and four treatment M. × giganteus plants was extracted 
using the following protocol.  Tissue samples were homogenized in 1ml TRIZOL Reagent 
(Invitrogen, Carlsbad, CA, USA) using a glass-Teflon homogenizer.  The homogenized samples 
were then incubated for five minutes at room temperature to permit the complete dissociation of 
the nucleoprotein complexes.  To each 1ml sample, 0.2ml of chloroform was added and samples 
were shaken vigorously for fifteen seconds, incubated at room temperature for two to three 
minutes and then centrifuged at 12,000 x g for fifteen minutes at 4 ºC. The resulting supernatant, 
containing the RNA, was transferred to a new tube.  RNA was precipitated by slowly mixing in 
0.5 ml isopropyl alcohol.  Samples were then incubated at room temperature for ten minutes and 
centrifuged at 12,000 g for ten minutes at 4 ºC to form the RNA into a pellet.  The supernatant 
was removed and the RNA pellet was allowed to dry for one minute, and then re-dissolved in 
50µl RNase-free water by incubation for ten minutes at 55 ºC.  RNA samples were then further 
purified using the RNeasy Kit (Qiagen, USA).  Final RNA amount was determined 
spectrophotmetically; λ= 260 nm (NanoDrop ND1000, NanoDrop Technologies INC, 
Wilmington, DE).  
Microarray Fluorescent cDNA Synthesis and Hybridization 
cDNA was synthesized from total RNA using the Agilent Low RNA Input Linear 
Amplification Kit with spike-in controls (5184-3523) following the manufacturer’s instructions 
(Agilent Technologies, Santa Clara, CA, USA).  Two of the four control samples and two of the 
four treatment samples were labeled with Cy3 dye and the remaining two control samples and 
two treatment samples were labeled with Cy5 dye to account for any possible dye-bias that may 
occur during hybridization or fluorescence detection during scanning of the slides.  Agilent 
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4x44K oligonucleotide two-color cDNA Maize microarray slides were used, and hybridization 
and washing was performed following the Agilent Two-Color Microarray-Based Gene 
Expression Analysis protocol (Agilent Technologies, Santa Clara, CA).  A total of four 4x44k 
slides or four technical replicates were performed with four biological replicates, in individual 
wells, on each slide.  Hybridized slides were scanned with a GenePix4000B microarray scanner 
(Axon Instruments, Concord, ON, Canada) and features were extracted and analyzed using 
GenePix Pro 6.1 (Axon Instruments).  Each array was inspected individually and low-quality 
spots having fluorescence levels not significantly distinguishable from the background 
fluorescence level on the red-to-green channel intensity ratio histograms of the array were 
manually flagged and eliminated from further analysis. 
qPCR Microarray Validation  
Quantitative PCR was used to validate the up- and down-regulation of transcripts of 
particular interest that were found to be significant in the microarray experiment.  Genes for 
validation with known Z. mays sequences (http://www.ncbi.nlm.nih.gov/) were blasted against 
the newly available M. × giganteus genome survey sequences obtained by 454 sequencing 
(Swaminathan et al. 2010). Sequences with greater than 98% identity were candidates for qPCR 
validation.  Six transcripts were chosen: ndhF (NADH dehydrogenase F, chloroplast), atpA 
(ATP synthase alpha subunit), lhcb5 (chlorophyll a/b binding protein CP26), psbo1 (oxygen 
evolving enhancer protein 1), aps (ATP synthase), tps (terpene synthase).   The primers for the 
transcripts were designed based on M. × giganteus sequences (Table 2.1).  Three candidate 
reference genes for qPCR were chosen because they were common housekeeping genes that had 
stable expression levels between the control and treatment samples in the microarrays 
experiment: tuba6 (alpha-tubulin 6), tubb3 and tubb6 (beta-tubulin 3 and 6), and tubg1 (gamma-
tubulin 1).  SuperScript-III RT (Invitrogen) was used to synthesize cDNA from the same M. × 
giganteus samples used for the microarray experiment.  Applied Biosystems (Foster City, CA, 
USA) SYBR Green Master Mix was used for qPCR and samples were amplified on a high-
throughput microwell plate-based thermo-cycler (LightCycler 480 System, F. Hoffmann-La 
Roche Ltd., Indianapolis, IN, USA).     
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Gene Annotation and MapMan Application 
Sequences for the FASTA 60-mer probes on the Agilent 4x44K oligonucleotide two-
color cDNA Maize microarray slides were provided by Dr. Virginia Walbot at Stanford 
University.  A gene annotation file for the Agilent 60-mer probe sequences was generated by 
BLASTN of probe sequences to the Z. mays B73 reference genome sequence, build 2 (Schnable 
et al. 2009).  For genes found to change significantly between control and treatment, but lacking 
any published annotation at the time of the experiment, annotation was attempted by performing 
a tblastn BLAST query (http://www.ncbi.nlm.nih.gov/) on the corresponding 60-mer probe 
FASTA sequence. 
To visualize the differentially expressed genes, the MapMan software tool was used 
(Usadel et al. 2009).  The MapMan software utilizes the Affymetrix platform to generate 
hierarchical categories of gene function and pathway placement.  In order to use this software to 
visualize Agilent microarray data a “mapping file” was created based upon the preexisting Z. 
mays ontology/mapping file with Affymetrix assigned probe identifiers.  The significant Agilent 
annotations were cross-referenced with the Z. mays mapping file and gene annotations matching 
those in the Z. mays mapping file were labeled with the Z. mays mapping file BIN or sub-BIN 
number and corresponding functional category name.  The Affymetrix identifier was replaced 
with the Agilent identifier.  The Agilent identifier corresponding to the assigned BIN/category 
was then used to create an experiment file containing the corresponding down- or up-regulated 
log2 FC value.  This experiment file and new mapping file was then uploaded into the MapMan 
Image Annotator module (Usadel et al. 2009). 
Gene Expression and Protein Content Comparison to Z. mays 
qPCR 
Total RNA for qPCR was extracted from eight leaf samples, each from a different plant 
(four control and four treatment), for both M. × giganteus and Z. mays using the protocol 
previously described by Chang and Puryear (1993).  Quantitative PCR was performed as 
described in the above methods to compare the chilling response between M. × giganteus and Z. 
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mays in genes validated from the microarray experiment. Three additional transcripts were added 
with known involvement in chilling response in Z. mays and A. thaliana: psbA (D1), petA 
(cytochrome f), and lhcb4 (chlorophyll a/b binding protein CP29) (Table 2.1).   
Western Blot Analysis 
Total leaf protein was extracted from 1.27 cm
2
 of leaf blade for each biological replicate 
(n=4) and species.  Extraction was performed by grinding the frozen leaf samples in individual 
tubes containing two stainless steel grinding balls (#GBSS 156-5000-01, OPS Diagnostics, 
Lebanon, NJ) twice for 30 s at 300 rpm (2000 Geno/Grinder, SPEX SamplePrep, Metuchen, NJ). 
Between the two 30 s grinds the samples were returned to -80°C to ensure the tissue did not thaw 
during extraction. After grinding twice, the samples were placed on dry ice and 500 µl of 
extraction buffer was added to each tube.  The extraction buffer was as described by Wang et al. 
(2008).  Briefly, the extraction buffer contained 50mM HEPES, pH 8.0,  0.05% v/v Triton-X 
100, 1mM EDTA, pH 8.0, 10 mM MgCl2, 5.96 mM dithiothreitol, 1% w/v Casein, 1% w/v 
polyvinylpyrrolidone, and one protease inhibitor cocktail tablet per 10 ml of extraction buffer 
(cOmplete ULTRA Tablets, Mini, EDTA-free tablets, Roche Applied Science, Indianapolis, IN, 
USA). The ground tissue and buffer was homogenized for one minute at 300 rotations per 
minute.  The resulting extract was centrifuged for one minute at 15,000g and the supernatant was 
stored at -80 °C until western blot analysis.  
Total leaf protein, on an equal leaf area basis, was loaded onto a SDS-PAGE 10% Tris-
HCL gel, such that each lane on the gel represented the same area of leaf  (Mini-PROTEAN 
TGX 456-1033, BIO-RAD Life Science, Hercules, CA).  Polypeptides were separated by 
applying 200 V at 4 °C for 34 minutes. Each gel contained four biological replicates from the 
control and four biological replicates from the chilling treatment for either M. × giganteus or Z. 
mays. Protein pre-stained standards were used to provide a molecular weight ladder (Precision 
Plus Protein™ Kaleidoscope Standards 161-0375, BIO-RAD Life Science, Hercules, CA).  
Separated proteins were then blotted onto polyvinylidene fluoride membranes in transfer buffer 
(.025 M Tris base, .192 M Glycine, and 20% [v/v] methanol) at 100 V for one hour at 4 °C.  
Membranes were then incubated with the primary poly-clonal antibodies in Tris buffered saline 
(170-6435, BIO-RAD Life Science, Hercules, CA) with 0.05% TWEEN 20 (P5927, Sigma-
Aldrich, St. Louis, MO, USA) for three hours at room temperature with constant agitation. 
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LHCII chlorophyll a/b binding proteins were detected with rabbit polyclonal antibodies to LHCII 
type II chlorophyll a/b-binding protein (AS01-003, Agrisera Antibodies, Vännäs, Sweden).  D1 
protein and its degradation products were detected with rabbit polyclonal antibodies to the D1 
protein of PSII, c-terminal (AS05-084, Agrisera Antibodies, Vännäs, Sweden).  Membranes were 
then incubated with anti-rabbit IgG (whole molecule) alkaline phosphatase antibody produced in 
goat, affinity isolated (A7539, Sigma-Aldrich) for one hour at room temperature with constant 
agitation.  The secondary antibody was detected with a mixture of 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP) and nitro blue tetrazolium (NBT) that binds to alkaline phosphatase (Western 
Blue® Stabilized Substrate, Promega, Madison, WI, USA).  Digital images were taken of each 
membrane with a Nikon D80 single-lens reflex digital camera equipped with an AF Micro 
Nikkor 60mm lens (Nikon, Chiyoda-ku, Tokyo, Japan) and the relative volume and intensity for 
each band was quantified using 2-D image analysis software ImageQuant TL 7.0  (GE 
Healthcare Biosciences, Little Chalfont, U.K.).  
Statistical Analysis  
Microarray Analysis 
 All calculations were performed using the R computing environment (Venables et al., 
2010).  Normalization and statistical analysis was done using the R package Limma provided by 
the Bioconductor repository (http://bioconductor.org) (Wettenhall & Smyth 2004).  No 
background correction was performed, a common practice for spotted arrays with low 
background (Smyth et al. 2003).  The global loess function was employed for within-array 
normalization and the scale method was applied for between-array normalization (Smyth & 
Speed 2003).  Test-statistics were determined using eBayes fit and topTable functions (Smyth 
2004).  Use of the duplicate correlation function accounted for duplicated probe spots on the 
Agilent array and for technical replication (Smyth, Michaud & Scott 2005).  The lmFit function 
was applied to fit the data to a linear model using quantitative non-negative weights for flagged 
spots, and a design matrix was used to compare expression values in the control vs. treatment 
arrays.  Results are based on a significant P-value adjusted for multiple testing (adj. p-value 
.00001) and a log2 fold change cut-off of 0.70 or -0.70. The log2 fold change of ≥ 0.7 was 
determined based on ability of the expressed change to be validated by qPCR (Wurmbach et al. 
2003). 
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qPCR Analysis 
For the microarray validation using qPCR, results were normalized against tubb6 and 
analyzed using the delta-delta CT method (Schmittgen
 
& Livak 2008). Tubb6 was ultimately 
chosen out of all of the candidate reference genes because it exhibited the lowest variance during 
the qPCR experiment. For the second experiment comparing M. × giganteus and Z. mays, act 
was used as the reference gene for normalization of qPCR results because it showed stable 
expression in both species and has been previously shown to have stable expression during 
chilling in Z. mays (Trzcinska-Danielewicz et al., 2009).  Results were analyzed as in experiment 
one using the delta-delta CT method.  
Western Blot Analysis 
A mixed model analysis of variance was performed to determine the effect of the chilling 
treatment on content of LHCII chlorophyll a/b binding protein, D1 protein and D1 degradation 
products in M. × giganteus and Z. mays (PROC MIXED SAS v 9.2; SAS Institute, Cary, NC). A 
LSD test determined significant differences between the means of the fixed effects for the 
variables LHCII chlorophyll a/b binding protein content, D1 protein content and D1 degradation 
products.  Results were considered significant at α ≤ 0.05 (n=4). 
RESULTS 
 Miscanthus × giganteus leaf cDNA hybridized to the Agilent 44K maize 
oligonucelotide microarray with 48% efficiency. Approximately 21,000 probes showed a median 
fluorescence intensity which could be clearly distinguished from the background.  The chilling 
treatment (14 °C) changed the relative signal intensity for 723 probes relative to the control 
grown at 25 °C; using a significance threshold of a log2 fold change of  ≥ 0.7 and false-discover-
rate-adjusted probability of  <0.00001.  These thresholds were selected to include candidate 
genes with small but reproducible changes in expression (Wurmback et al. 2003).  Four hundred 
and ten probes showed increased signal intensities following chilling and 313 were significantly 
reduced. Approximately half of the probes showing significant changes corresponded to 
sequences annotated for predicted or putative functions in Z. mays and were categorized 
accordingly (Figure 2.1). A complete list of putative chilling-responsive genes identified here is 
given in the supporting information (Appendix: Tables S1 and S2). Functional categories that are 
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significantly represented among chilling-responsive genes include: photosynthesis, stress 
response, RNA processing, protein synthesis, targeting and degradation, transport, secondary 
metabolism and hormone metabolism.  
Most striking among these categories were genes associated with the light reactions.  
Among the probes binned by MapMan to this category, 30 were significantly up-regulated and 
none were significantly down-regulated (Table 2.2).  Particularly prominent were transcripts for 
PSII associated proteins (Figure 2.2, Table 2.2). Within the carbon metabolism pathway, the 
probes for PPDK and Rubisco were also maintained and showed high average expression values 
(Appendix: Table S3).  Probes for rca1 and rca2, the genes for Rubisco activase, an enzyme that 
is critical to the activation and stability of Rubisco (Portis 2003), were also up-regulated 145%, 
although below our fold change cut-off (log2 ≤ 0.7).  
Six of the probes found to change on the microarray were selected for validation by 
qPCR in the first experiment.  Each showed the same directional change as well as similar 
quantitative changes in expression to that observed from the microarray (Figure 2.3).  These 
included four up-regulated probes representing genes (and the proteins they encode) involved in 
the photosynthetic light reactions: psbo1 (oxygen-evolving enhancer protein 1), lhcb5 
(chlorophyll a/b binding protein CP26), ndhF (chloroplast NADH dehydrogenase subunit 5) and 
atpA (ATP synthase alpha subunit), and two down-regulated probes, one for aps (ATP 
sulfurylase) and the other for tps (terpene synthase). Five probes representing genes with likely 
house-keeping functions were also tested for constancy of expression between the treatment and 
control.  Tubb6 (Beta-tubulin 6) had the most stable expression among these genes, and was 
therefore used as a reference gene for each of the other seven transcripts in estimating relative 
fold changes by the delta cycle threshold method.   
The second qPCR experiment comparing M. × giganteus to Z. mays, using five 
transcripts validated from the microarray experiment and three additional genes with known 
regulation during chilling, showed significant differences in gene expression between the two 
species during chilling. In Z. mays, transcripts for psbA (D1), petA (cytochrome F), lhcb4 
(chlorophyll a/b binding protein CP29), psbo1, and lhcb5 all showed significant down-regulation 
while the same transcripts in M. × giganteus went up (Figure 2.4). Similar expression patterns 
were seen in transcripts for atpA, ndhF, and tps for both species (Figure 2.4). The same genes 
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tested in the first qPCR experiment and second qPCR experiment showed the same expression 
changes in M. × giganteus during chilling. These two qPCR experiments were performed on 
RNA samples from completely independent chilling treatments highlighting the reproducibility 
of these results in M. × giganteus.   
Amounts of  LHCII type II chlorophyll a/b binding protein and D1 protein increased 
significantly (α ≤0.05) in M. × giganteus leaves in response to chilling, but decreased 
significantly (α ≤0.05)  in Z. mays (Figure 2.5). The level of D1 degradation products did not 
significantly change in either species. These protein changes parallel changes in the related 
transcripts (Figure 2.4). 
DISCUSSION 
Photosynthetic Light Reactions 
 The present study asked whether M. × giganteus has acquired a similar capacity to C3 
cold-tolerant species in up-regulating or at least maintaining expression of genes coding for key 
aspects of the photosynthetic apparatus during chilling. Specifically those proteins shown to be 
damaged or deficient in Z. mays during acclimation to chilling and those relating to energy 
transduction on the photosynthetic membrane.  Indeed 30 probes annotated as coding for proteins 
with key functions in the light-reactions of photosynthesis showed significantly increased 
expression and none of this category showed a decrease.  Across all of the MapMan categories, 
photosynthesis was the only one that did not show any down-regulated probes (Table 2.2, Figure 
2.2). Since photosynthesis is the single process that sets C4 plants apart from all others this 
indicates how M. × giganteus avoids the vulnerability of photosynthesis in C4 plants to chilling 
(e.g. Long, 1983; Fryer et al. 1995; Nie et al. 1995).  Functions of the proteins coded for by up-
regulated transcripts include electron transport, light harvesting, photosystem reaction centers, 
ATP synthesis and the xanthophyll cycle.  In Z. mays following 28 hours of 14 °C chilling, four 
genes associated with the light reactions of photosynthesis were significantly down-regulated. 
These coded for the chlorophyll a/b-binding protein precursor, chlorophyll a/b-binding 
apoprotein and minor antenna complex CP24 precursor, chlorophyll a/b-binding and minor 
antenna complex CP26, and NAD kinase chloroplast precursor (Trzcinska-Danielewicz et al. 
2009). Our study, which used a longer chilling treatment, similarly showed by qPCR that genes 
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coding for key proteins of the photosynthetic light reactions, i.e.  D1, Cyt f, PSII CP29, oxygen 
evolving enhance protein 1, and chlorophyll a/b binding proteins, were down-regulated (Figure 
2.4).  However, as in previous studies of enzyme of photosynthetic carbon metabolism (Wang et 
al. 2008; Naidu et al. 2003), the converse occurred in M. × giganteus.  Transcripts for all five 
proteins were increased.   
 In parallel to these transcript studies, proteomic analysis of Z. mays’ leaves developed at 
13 °C showed large decreases in the minor antenna complexes CP24, CP26 and CP29 (Caffarri 
et al. 2005).  In a similar experiment Nie & Baker (1991) showed large decreases at 12 °C also in 
the 26kD LHCII apoprotein, as well as the 32kD D1 reaction center protein, Cyt f (33 kD), Cyt 
b6/f subunit IV (17 kD), and the ɑ and β subunits of the coupling factor (58 and 57 kD).  We 
confirmed these findings in our study where western blotting showed significant decreases in 
both the D1 reaction center protein and LHCII chlorophyll a/b binding protein in Z. mays after 
14 days of chilling. These same proteins increased in M. × giganteus (Figure 2.5). This 
difference in light reaction related transcription and protein accumulation is likely a key 
underlying mechanism explaining its very effective acclimation of photosynthesis to chilling. 
A critical function necessary to the maintenance of photosynthesis during chilling in C3 
and C4 plants is the ability of the chloroplast to degrade damaged D1, a component of PSII, and 
then synthesize and assemble D1 back into PSII (Ruelland et al. 2009; Fryer et al. 1995; 
Bredenkamp & Baker 1994).  This repair function is inhibited in Z. mays during chilling and this 
has been attributed to decreased expression of psbA, the plastid gene that encodes D1 
(Bredenkamp & Baker 1994; Allen & Ort 2001).  Our results show that the transcripts for D1 
protease, involved in the degradation of D1, and D1 itself are strongly up-regulated in M. × 
giganteus grown under chilling conditions, having fold change of 3.37 and 2.06, respectively 
(Table 2.2, Figure 2.4).   These increases would be expected to enhance the turn-over and 
replacement of damaged D1. This contrasts to the decrease in transcripts for D1 in Z. mays in 
response to chilling (Figure 2.4). 
Protection from photodamage is also critical to maintenance of C4 photosynthetic 
capacity during chilling (Long et al. 1994; Fryer et al. 1995; Farage et al. 2006). Increased 
concentration of the de-epoxidated xanthophylls, antheraxanthin and zeaxanthin, temporarily 
reduces the photochemical efficiency of PSII by increasing the nonradiative (heat) dissipation of 
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energy in the antennae, so protecting PSII against photo-oxidation under conditions when other 
metabolic processes are unable to utilize absorbed radiant energy (Demmig-Adams & Adams 
1992; Long et al. 1994).  The retention of a high photosynthetic capacity of M. × giganteus 
during chilling corresponds with a 20-fold increase in zeaxanthin content, resulting from a ca. 
30% increase in the total xanthophyll pool, but primarily from a ca. 70% increase in the de-
epoxidation state of the xanthophyll pool (Farage et al. 2006).  The present study shows a very 
significant increase in expression of the transcript for a violaxanthin de-epoxidase, the enzyme 
which converts violaxanthin to zeaxanthin (Log2 FC 0.855, Table 2.2), consistent with 
observation of Farage et al. (2006).  
If up-regulation of transcripts results in similar increases in proteins, as seen here with 
LHCII chlorophyll a/b binding protein and D1, then this may explain the ability of M. × 
giganteus to avoid photoinhibitory damage, repair of unavoidable damage to components of 
PSII, in particular D1, and in general maintain all components of light harvesting, electron 
transport, NADPH production and ATP synthesis.   In turn this would explain its unusual ability 
among C4 plants to maintain a high maximum quantum yield of photosynthetic CO2 assimilation 
(ΦCO2,max), under chilling field conditions (Beale et al. 1996) that lower the ΦCO2,max in other 
C4 species (Baker et al. 1989).   
Carbon Metabolism 
Maximum quantum yield and light-saturated rates of carbon assimilation are equally 
important in maintaining crop canopy carbon gain, since this depends on both sunlit and shaded 
canopy leaves (Baker et al. 1989).  During chilling, M. × giganteus, in sharp contrast to Z. mays, 
maintains high levels of the enzymes of photosynthetic carbon metabolism that exert maximal 
metabolic control of Asat, Rubisco and PPDK.  Rubisco protein contents are stable in M. × 
giganteus in response to chilling while they decline by more than 50% in Z. mays during chilling 
(Naidu et al. 2003; Wang et al. 2008a).  PPDK declines to an even greater extent in Z. mays but 
was found to increase in M. × giganteus (Naidu et al. 2003; Wang et al. 2008b).   Our results 
correspond with this finding with the expression levels of both Rubisco (log2 FC 0.142) and 
PPDK (log2 FC 0.015) remaining stable during chilling. In addition, the transcripts for Rubisco 
activase were up-regulated by 145% (log2 FC 0.534) (Appendix: Table S3).  Rubisco activase is 
critical to maintaining stability and a high catalytic activity of Rubisco. Specifically, Rubisco 
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activase promotes the dissociation of a wide variety of inhibitory sugar phosphates from the 
Rubisco active site (Portis 2003).    
 
Comparison of Chilling Response in M. × giganteus, Z. mays and A. thaliana 
Changes in transcripts to a very similar chilling treatment in cold-tolerant A. thaliana 
(Zhu et al. 2009) provide an opportunity for comparing this chilling-tolerant plant with M. × 
giganteus and Z. mays (Table 2.3).  Numerous probes from the maize microarray that showed 
differential gene expression during chilling in M. × giganteus shared annotations with genes 
found previously to be up or down-regulated during chilling in A. thaliana.  Functional 
categories that showed corresponding up-regulation in both A. thaliana and M. × giganteus are 
protein synthesis, chlorophyll biosynthesis, photosystem II (PSII) and light harvesting complex 
II (LHCII)(Table 2.3).  In contrast, Z. mays, also in a similar experiment to the present, showed a 
decline in transcription of chlorophyll biosynthesis and PSII/LHCII genes (Trzcinska-
Danielewicz et al. 2009). This corresponds with the lack of chilling acclimation in the 
photosynthetic apparatus of Z. mays (Wang et al. 2008; Naidu et al. 2003; Yadav 2010).  
Categories of transcript annotation down-regulated in both A. thaliana and M. × giganteus 
include temperature induced protein genes, brassinosteroid biosynthesis, ethylene, gibberellic 
and cytokinins (Zhu & Provart 2003) (Table 2.3).   
Agilent 44K Maize Microarray to Detect Gene Expression Changes in M. × giganteus in response 
to chilling 
The Agilent 44K maize oligonucleotide microarray chip is a platform that was designed 
to include nearly all available maize genes (Skibbe & Walbot, 2009).  It includes ESTs involved 
in flowering, fruit formation, root and shoot development, and germination, as well as 
developing and mature leaves. A prior study utilizing the Agilent 44K maize oligonucleotide 
microarray chips found that unstressed mature Z. mays leaves expressed approximately 26,000 
transcripts under greenhouse growth conditions (Casati & Walbot 2008).  This indicates that 
approximately 59% of the transcripts on the array are expressed in adult Z. mays leaves. A study 
on the diurnal rhythms of the maize leaf trancriptome, using a 105K Agilent maize array 
designed for all maize genomic and transcript sequences, found that approximately 44,000 
transcripts were detectable in the tested maize leaves, equating to 42% of the total transcripts 
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(Hayes et al., 2010). In our study we found 48% of the probes to be expressed in M. × giganteus 
adult leaves in the control (25 °C) and treatment (14 °C), which is comparable to other studies 
using Agilent maize arrays.  This hybridization efficiency for M. × giganteus leaf mRNA to the 
maize array is consistent with the >90% sequence identity observed among exonic sequences 
between M. × giganteus and Z. mays (Swaminathan et al. 2010). This is not surprising given that 
both are members of the same grass tribe, Andropogonodae.   This grass tribe is exclusively of 
the NADP-ME C4 sub-type (Giussani et al. 2001).  In addition, the qPCR validation of the M. × 
giganteus transcriptome results from the maize array indicates that the maize array can be used 
to profile gene expression in M. × giganteus, particularly for highly conserved genes such as 
those in the photosynthetic pathway.   
Further, chilling did not decrease signal intensity for probes matching either Rubisco 
small subunit or PPDK, consistent with prior results showing the RNA expression of these genes 
does not decrease in M. × giganteus leaves under a similar chilling treatment (Appendix: Table 
S3, Wang et al. 2008b; Naidu et al. 2003).    
 
Conclusions 
Photosynthesis is the defining difference between C3 and C4 plants.  Z. mays is grown in 
colder climates than any other C4 food crop, yet its inability to acclimate photosynthesis to 
chilling conditions appears to be its Achilles heel (Baker et al. 1989).   It is assumed that C4 
photosynthesis evolved in hot climates and has subsequently radiated to more temperate 
climates.  M. × giganteus appears exceptional in its ability to maintain high photosynthetic 
capacity and production under chilling conditions (Beale & Long, 1995; Dohleman et al. 2009).  
Analysis of the response of the transcriptome to chilling treatment suggests that the same 
changes that occur in chilling tolerant C3 species may also contribute to chilling tolerance in C4 
species.  In both A. thaliana and M. × giganteus, effective acclimation is associated with up-
regulation of several genes coding for key photosynthetic proteins and their processing, 
especially those associated with PSII and its maintenance.  Variation in chilling tolerance exists 
in both Z. mays and M. sinensis, one of the parent species of M. × giganteus. The identified 
genes in this study could be candidates for screening the available germplasm in order to identify 
lines which already maintain or over-express genes found to be important in chilling acclimation. 
These lines could be used for breeding and selection of chilling tolerance.  Further, these genes 
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could be targets of a transgenic approach aimed at engineering a more chilling-tolerant C4 crop 
that would have an extended growing season and potentially greater yields.  
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TABLES AND FIGURES 
Table 2.1.  Primer sequences for qPCR validation of microarray results and Z. mays comparison.  
Transcript Forward Primer Reverse Primer 
   
tuba6 5'-AAG ACG CAG CTA ACA ACT TTG CCC-3' 5'-CAC CAC CAA CAG CAT TGA ACA CCA-3' 
tubb3 5'-ATG GAC GAG ATG GAG TTC ACC GAA-3' 5'-TGA TGT ACC ACA GCA GCG AAG ACT-3' 
tubb5 5'-CTT TGT TTC ACC TGC ACC GCT TGA-3' 5'-AGG AAG GAA CCA TCA CAG GAG CAA-3' 
tubb6 5'-TTC TGA CCT TCA GTT GGA GCG TGT-3' 5'-TGC CCA AAC ACA AAG TTG TCA GGG-3' 
tubg1 5'-ATG CAC CTG AGT GGC GAA GTC CT-3' 5'-ATC GGG ATG GAG TTC TGG AAG CA-3' 
act 5’- TGA GGC CAC GTA CAA CTC CAT CAT-3’ 5’- CCT TTC AGG TGG CGC AAT CAC TTT-3’ 
ndhF 5'-ACC CAC TCC CAT TTC GGC TCT TAT-3' 5'-GAG CAA GAG CTA AAG TGG CTC CTA-3' 
atpA 5'-ATG GCG GAT TCA CCC GCT ACA TTA-3' 5'-TGG CGA TAA GCT TGT GCC TGT TTG-3' 
lhcb4 5'-AGT AGA AGA TGA GCA TGG CGA GCA-3' 5'-AGA ACT TCG CCA ACT TCA CCG-3' 
lhcb5 5'-TCG CCA TGT TCT CCA TGT TCG GAT-3' 5'-TAG GCC CAG GCG TTG TTG TTG A-3' 
psbo1 5'-ACC TAC GAC GAG ATC CAG AGC AA-3' 5'-GCA CAG CTT CTT CAG CTG GTA CTT-3' 
aps 5'-TGG ATG GAG CAG AAG AAC AGG GTT-3' 5'-TGC GGT ATT TGC CTT TCA GCT TCG-3' 
tps 5'-ATG CGA GCA TCA GAC AGT TCA GGA-3' 5'-CAG CTA CCA TTT GCA CGG CAG AAA-3' 
psbA 5’-ACT TAG TTT CCG TCT GGG TAT GCG-3’ 5’-TAA GGA TGT TGT GCT CTG CCT GGA-3’ 
petA 5’- CGC ACA TCT ATT TCA AAC GCA TA-3’ 5’- TAC AAT TCG TCC AGT TGC TTC CCG-3’ 
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 Table 2.2. Relative changes in abundance of M. × giganteus leaf transcripts for chloroplast proteins, associated with the light 
reactions that showed a log2 fold increase of ≥ 0.70 in the chilling (14 °C) relative to the control (25 °C) treatment.  Although 
transcripts of proteins associated with the light reactions of photosynthesis with log2 fold increases of < 0.70 are not listed, 
none showed a significant decrease in response to chilling. 
Transcript Functional Category Log2 
FC 
chlorophyll a/b-binding apoprotein CP26 precursor Photosystem II. Light Harvesting Complex II 0.815 
Photosystem II P680 chlorophyll A apoprotein (CP-47 
protein) 
Photosystem II. Light Harvesting Complex II 0.93 
Violaxanthin de-epoxidase precursor Photosystem II. Light Harvesting Complex II 0.855 
 D1 protease precursor (Fragment) Photosystem II. Light Harvesting Complex II 1.751 
Photosystem II 44 kDa reaction center protein (P6 protein) 
(CP43) 
Photosystem II. Reaction Center Proteins 0.95 
Photosystem II reaction center J protein Photosystem II. Reaction Center Proteins 0.735 
Oxygen evolving enhancer protein 3  Photosystem II. Oxygen Evolving Proteins 0.989 
Thylakoid lumenal 17.4 kDa protein, chloroplast  Photosystem II. Thylakoid Lumenal Proteins 1.408 
Thylakoid lumenal 21.5 kDa protein, chloroplast precursor Photosystem II. Thylakoid Lumenal Proteins 0.805 
Thylakoid lumenal 15 kDa protein, chloroplast precursor 
(p15) 
Photosystem II. Thylakoid Lumenal Proteins 0.837 
NDA2 (ALTERNATIVE NAD(P)H DEHYDROGENASE 2); NADH 
dehydrogenase 
Photosystem II. NAD(P)H Dehydrogenase/PQ 0.906 
NAD(P)H-quinoneoxidoreductase chain 5, chloroplast 
(NADH-plastoquinoneoxidoreductase chain 5)  
Photosystem II. NAD(P)H Dehydrogenase/PQ 1.081 
NAD(P)H-quinoneoxidoreductase chain 1, chloroplast 
(NADH-plastoquinoneoxidoreductase chain 1)  
Photosystem II. NAD(P)H Dehydrogenase/PQ 1.914 
NAD(P)H-quinoneoxidoreductase chain 4L, chloroplast 
(NADH-plastoquinoneoxidoreductase chain 4L) 
Photosystem II. NAD(P)H Dehydrogenase/PQ 1.052 
NADH-plastoquinoneoxidoreductase subunit 5 Photosystem II. NAD(P)H Dehydrogenase/PQ 0.856 
NADH-plastoquinoneoxidoreductase subunit 4  Photosystem II. NAD(P)H Dehydrogenase/PQ 0.766 
NAD(P)H-quinoneoxidoreductase chain 1, chloroplast 
(NADH-plastoquinoneoxidoreductase chain 1) 
Photosystem II. NAD(P)H Dehydrogenase/PQ 0.797 
Cytochrome b6 Photosystem II. NAD(P)H Dehydrogenase/PQ 1.223 
3Fe-4S ferredoxin Photosystem II. NAD(P)H Dehydrogenase/PQ 2.734 
ferredoxin-nitrite reductase  precursor - maize (fragment) 
(Zea mays) 
Photosystem II. NAD(P)H Dehydrogenase/PQ 1.153 
Ferredoxin--NADP reductase, root isozyme, chloroplast 
precursor  (FNR) 
Photosystem II. NAD(P)H Dehydrogenase/PQ 1.207 
ATP synthase alpha chain Photosystem Lightreactions. ATP Synthase 1.007 
Cytochrome c biogenesis protein family Chloroplast Biogenesis  0.972 
Chloroplast ORF70 Chloroplast Biogenesis  0.786 
matK protein (trnK intron) Chloroplast Proteins 0.8146 
Zea mays chloroplast rRNA-operon Chloroplast RNA Regulation of Transcription 1.078 
50S ribosomal protein L29, chloroplast precursor Chloroplast Protein Synthesis.Plastid Ribosomal 
Proteins 
0.907 
Chloroplast 30S ribosomal protein S18 Chloroplast Protein Synthesis.Plastid Ribosomal 
Proteins 
0.972 
50S ribosomal protein L21, chloroplast precursor (CL21) Chloroplast Protein Synthesis.Plastid Ribosomal 
Proteins 
0.721 
Chloroplast 50S ribosomal protein L16 Chloroplast Protein Synthesis.Plastid Ribosomal 
Proteins 
0.775 
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Table 2.3. Comparison of Arabidopsis thaliana wild-type, Miscanthus × giganteus and Zea mays 
transcriptional response to chilling.  ↑ indicate up-regulation during chilling. ↓ indicate down-
regulation during chilling.  Arrows in both directions indicate that some transcripts in this category were 
up-regulated and others down-regulated.  A larger upward pointing arrow indicates that more 
transcripts were up-regulated, and vice-versa.  (Transcriptional data: M. × giganteus, this study; A. 
thaliana from Zhu and Provart, 2003; and Z. mays from Trzcinska-Danielewicz et al., 2009). 
 
Category 
Chilling Response       
A. thaliana 
Chilling 
Response 
Chilling 
Response          
M. x giganteus Z. mays 
Protein synthesis ↑  73 ↑↓  8 ↑↓  8 
Protein 
degradation ↓  4 ↑↓ 17 ↑  1 
Chlorophyll 
biosynthesis ↑ 10 ↑ 3 ↓ 1 
PS II Reaction 
Center and LHCII ↑ 4 ↑ 6 ↓ 3 
Temperature 
Induced Proteins ↓ 2 ↓ 1 - 0 
Cellulose synthesis ↑ 4 ↓ 2 ↓ 1 
Flavonol 
biosynthesis ↑↓ 10 ↑↓ 5 - 0 
Brassinosteroid 
biosynthesis ↓ 1 ↓ 1 - 0 
Ethylene ↓ 1 ↓ 1 ↓ 3 
Gibberellic acid 
biosynthesis ↓ 1 ↓ 3 - 0 
Abscisic acid 
biosynthesis ↑ 1 ↑↓ 3 ↓ 1 
Cytokinins ↓ 1 ↓ 1 - 0 
Wax biosynthesis ↓ 1 ↑↓ 2 - 0 
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Figure 2.1. Functional categorization of transcripts found to be up or down-regulated during chilling    
(14 °C) in Miscanthus × giganteus. Functional groups are as categorized by MapMan (Usadel et al. 2009).  
Red boxes indicate down-regulated transcripts and blue boxes represent up-regulated transcripts, as 
indicated by the scale. The scale is -1.6 to 1.6 log2 fold change in expression with negative values 
corresponding to down-regulation and positive values corresponding to up-regulation.  
 
  
 
 
34 
 
 
Figure 2.2. Transcripts in the light reaction pathway showing elevated expression levels in M. × 
giganteus after 14 days of chilling treatment.  Each blue box represents a transcript that was up-
regulated by the chilling treatment; the deeper the shade of blue the greater the up-regulation, as 
indicated by the scale (left side).  (See Table 1 for numerical details of the change in each transcript).   
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Figure 2.3. qPCR validation of six transcripts found to be up or down-regulated on the microarray: psb01 
(oxygen-evolving enhancer protein 1), lhcb5 (chlorophyll a/b binding protein CP26), ndhF (NADH 
dehydrogenase F, chloroplast, atpA (ATP synthase alpha subunit), aps (ATP sulfurylase), and tps (terpene 
synthase). The ∆∆ CT method was used to calculate fold change and all results were normalized against 
the reference gene tubb6.  The grey bars represent the qPCR validated fold change (primary Y axis) and 
the black squares represent the microarray fold change (secondary Y axis). Error bars represent the 
standard error of the mean of all biological replicates. The qPCR results agreed with the microarray 
results validating the expression patterns of genes up or down-regulated during chilling (14 °C) versus 
the control (25 °C). 
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 Figure 2.4. Comparison of gene expression between M. × giganteus and Z. mays after 14 days of chilling 
treatment (14 °C) versus the control (25 °C). qPCR tested transcripts included five transcripts found to be 
up or down-regulated on the microarray: atpA (ATP synthase alpha subunit ), psbo1 (oxygen-evolving 
enhancer protein 1), lhcb5 (chlorophyll a/b binding protein CP26), ndhF (NADH dehydrogenase F), and 
tps (terpene synthase), and three additional light reaction transcripts: psbA (D1), petA (cytochrome f) 
and lhcb4 (chlorophyll a/b binding protein CP29).  Results were normalized again the reference gene act 
and the ∆∆ CT method was used to calculate fold change.  Error bars represent the standard error of the 
mean of all biological replicates (n = 4).  
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Figure 2.5.  Representative western blot images showing changes in LHCII type II chlorophyll a/b binding 
protein and D1 protein content and its degradation products after 14 days of chilling treatment (14 °C) 
compared to control (25 °C) in M. × giganteus and Z. mays. Protein content change is represented as a 
percent increase or decrease with standard errors of the differences of the means calculated from the 
Least Square Differences test. Results were considered significant at α ≤0.05 (n=4)  
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CHAPTER 3 
 
PHOTOSYNTHETIC CHILLING TOLERANCE IN MISCANTHUS SINENSIS 
CORRESPONDS WITH LATITUDE OF ORIGIN 
 
ABSTRACT 
 
The bioenergy feedstock grass Miscanthus × giganteus is exceptional among C4 species 
for its high productivity in cold climates. Increased levels of pyruvate phosphate dikinase 
(PPDK) and maintained levels of ribulose-1,5-bisphospate carboxylase/oxygenase (Rubisco) 
protein and quantum yield of photosystem II (ΦPSII)  has been correlated with the ability of M. × 
giganteus to maintain CO2 assimilation (A) during chilling.  M. × giganteus originated in Japan 
and is the sterile triploid hybrid of Miscanthus sinensis and Miscanthus sacchariflorus.  In Japan, 
M. sinensis is found from the sub-tropical southern tip of Kyushu to the cold temperate northern 
tip of Hokkaido. This study examined the chilling response of three M. sinensis accession from 
Japan ranging from latitudes 31° N to 45° N to determine whether there is latitudinal variation in 
the tolerance of photosynthesis to chilling and whether this is associated with maintenance of 
PPDK and Rubisco content and ΦPSII. Indeed, when exposed to chilling (14 °C) for two weeks, 
the most northern accession showed the greatest chilling tolerance maintaining the highest  A, 
ΦPSII and photochemical quenching (qP)  compared to the other two accessions.  This was 
paralleled by a 38% increase in PPDK and a 50% increase in Rubisco, in the northernmost 
population. The accession from the most southern latitude had the least amount of chilling 
tolerance, suffering the greatest reductions in A and ΦPSII corresponding to a decline of 28% in 
PPDK content but no significant change in Rubisco.  This correlation in latitude of origin to 
chilling tolerance indicates the existence of adaptive radiation of chilling tolerance in a C4 
species.   
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INTRODUCTION 
The perennial C4 grass Miscanthus × giganteus, Greef & Deu. ex. Hodkinson & 
Renvoize (Greef and Deuter 1993) is highly productive in the United States, averaging up to 30 t 
ha
-1
 while maintaining high water and nitrogen use efficiency (Heaton et al. 2004; Heaton, 
Dohleman, and Long 2008b; Heaton and Dohleman 2009; Dohleman and Long 2009).  These 
high yields and efficiencies are largely because M. × giganteus is a perennial that utilizes 
NADP-ME C4 photosynthesis and maintains this under chilling conditions.  Unlike most other C4 
crop species, including maize and sugarcane, M. × giganteus exhibits an exceptional degree of 
chilling tolerance, maintaining high rates of photosynthesis and biomass yields at chilling 
temperatures, defined here as ≤14 °C (Beale and Long 1995; Beale et al. 1996; Naidu et al. 2003; 
Naidu and Long 2004; Wang et al. 2008).  These factors have made M. × giganteus a prime 
candidate feedstock for second generation biofuel production and, in some regions, is already 
being employed as such (Heaton, Dohleman, and Long 2008b; Clifton- Brown et al. 2011).   
 Barriers do exist, however, for implementing M. × giganteus as a viable biofuel crop. 
Since it is a sterile triploid hybrid of Miscanthus sinensis and Miscanthus sacchariflorus 
(Nishiwaki et al. 2011), the propagation methods for M. × giganteus are limited to planting 
clonally derived rhizomes from its singular genotype.  This has the advantage of ensuring against 
invasive spread from seed, but it means that no new cultivars can be developed from this 
particular genotype, except by mutagenesis or transgenic methods.  Based on major food and 
feed crops, such as maize, it may be asserted that if this crop is going to be successful over a 
wide area it will require a range of cultivars adapted to different climate zones.  For M. × 
giganteus, this will only be possible by artificially recreating the cross with parents adapted to 
different climate zones.   
Studies of horticultural accessions of M. sinensis in Europe have shown considerable 
variation relative to M. × giganteus in response to the abiotic stresses of drought and frost 
(Clifton-Brown et al. 2001; Clifton-Brown and Lewandowski 2002; Jørgensen et al. 2003; 
Clifton-Brown et al. 2011; Zub 2011).  M. sinensis is also expected to possess more genetic 
variation related to chilling tolerance than the tetraploid form of M. sacchariflorus and parent of 
M. × giganteus (Hodkinson and Renvoize 2001).  This tetraploid form appears limited to the 
major Japanese Islands  (Clifton-Brown and Lewandowski 2000).  A study comparing these two 
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parent species and M. × giganteus, in terms of cold tolerance at the young shoot level, found M. 
sacchariflorus to be the least cold-tolerant of the three. M. sacchariflorus had significantly lower 
leaf extension rates at temperatures below 13 °C (Farrell et al. 2006), suggesting that the cold 
tolerance of photosynthesis and leaf extension in M. × giganteus may come from M. sinensis. 
The center of diversity for the Saccharum complex from which M. sinensis arose is in 
New Guinea/Indonesia (Aljnabi et al. 1994; Jannoo et al. 1999).  The species appears to have 
dispersed progressively further north through China and  the Japanese islands (Stewart et al., 
2009; Sun, Lin, Yi, Yang, & Zhou, 2010).  In Japan, M. sinensis is found from the sub-tropical 
southern tip of Kyushu to the cold temperate northern tip of Hokkaido (Stewart et al., 2009). The 
geographic dispersion may have become possible through a single genetic event that conferred 
cold tolerance of photosynthesis in M. sinensis, allowing it to colonize colder sites, or from 
adaptive quantitative trait changes that have allowed the species to colonize colder and colder 
sites by progressive genetic change.  Adaptive quantitative trait changes would be evident in 
greater chilling tolerance with increasing latitude and altitude.  
Maintenance of high-levels of pyruvate pi dikinase (PPDK) and ribulose-1,5-bisphospate 
carboxylase/oxygenase (Rubisco) protein and quantum yield of photosystem II (ΦPSII)  have been 
associated with the ability of M. × giganteus to maintain high light-saturated rates of CO2 
assimilation (Asat) during acclimation to chilling temperatures (Beale et al. 1996; Naidu and Long 
2004; Farage et al. 2006; Wang et al. 2008).  This study examines three accessions of M. sinensis 
spanning from the southern-most tip to the northern-most tip of the major islands.  It asks the 
question of whether, when grown in a common environment, do accessions from higher latitudes 
have increased capacity to acclimate their photosynthetic capacity to chilling, measured as A and 
ΦPSII.   Further, is any variation in acclimation correlated with variation in leaf PPDK and 
Rubisco contents?  Finally, how does acclimation in these accessions compare to M. × 
giganteus? 
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MATERIALS AND METHODS 
Biological Materials 
 Miscanthus × giganteus rhizomes obtained from the University of Illinois were 
propagated in potting soil (Sunshine Mix LC1
2 
; Sun Gro Horticulture, Bellevue, WA, USA) in 
1.2 liter pots following the procedure of Naidu and Long (2004) in a light and temperature 
controlled greenhouse at the University of Illinois. Miscanthus sinensis accessions collected from 
three contrasting latitudinal locations in Japan (Table 3.1) were germinated from seed in potting 
soil in 1.2 liter pots in the same greenhouse. Annual temperature and precipitation for the three 
locations in Japan were compiled from the Japan Meteorological Agency (2011). Eight plants of 
each accession grown to the same developmental age were then transferred to  two identical 
controlled-environment growth chambers (Conviron E15; Controlled Environments, Winnipeg, 
Manitoba, Canada) under 500 µmol photons m
-2
s
-1
 incident broad spectrum light at plant height 
provided by high-pressure mercury and sodium lamps, in a 14-h-day/10-h-night cycle at either 
14 ºC/12 ºC (chilling) or 25 ºC/20 ºC (control) day/night temperature, and at 70% relative 
humidity.  The eight plants, of each of the four accessions, were initially acclimated in the 
control chamber for two weeks, and then half of these plants, selected by fully randomized 
design, were transferred to the chilling chamber. 
Photosynthetic Gas Exchange and Chlorophyll Fluorescence Measurements 
Photosynthetic rate and modulated chlorophyll fluorescence were measured on days 
three, seven and thirteen of the chilling treatment on the three youngest fully expanded leaves of 
each plant in both the control and chilling treatment chambers using a portable open gas 
exchange system incorporating infra-red CO2 and water vapor analyzers  (LI-6400XT; LI-COR, 
Lincoln, NE) with a red (630nm)/blue (470nm)/far red (740nm) LED light source integrated into 
a modulated chlorophyll fluorescence monitoring head (6400-40 LCF, LI-COR).  In total 12 
measurements were made for each of the accessions in each of the control and treatment 
chambers; 96 measurements in total.  All measurements were made within the growth chambers, 
and leaf cuvette conditions were set to those of the growth chamber.  The cuvette was maintained 
at a photon flux density of 500 µmol m
-2
s
-1
 with 90% red light and 10% blue light, CO2 
concentration of 400 µmol mol
-1
, and leaf-air vapor pressure deficit (VPD) of between .8-1.2 
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kPa.  The measurement temperature was either 25 °C for the control plants or 14 °C for the 
chilling treated plants.  
 To obtain the quantum yield of photosystem II (ΦPSII) (equation 1), electron transport rate 
through PSII (ETR) (equation 2) and photochemical quenching (qP) (equation 3) the leaf was 
allowed to reach steady-state of fluorescence (F) and leaf CO2 uptake (A). This was determined 
by examining change in F and A over time (dF/dt and dA/dt), until these values did not vary by 
more than 5% over a two minute period.  It took on average about 20 min, for this condition to 
be satisfied.  Once steady-state was attained a saturating flash with red light of approximately 
7,000 µmol m
-2
s
-1 
was applied, and maximum fluorescence in the light (Fm’) was obtained 
followed by a “dark pulse” of far red light to determine minimum fluorescence in the light (Fo’). 
The far red radiation drives PSI momentarily to accelerate opening of PSII centers. 
Equation 1.  ΦPSII = Fm’-Fs / Fm’ 
Where Fs is Steady-state fluorescence in the light 
Equation 2.  ETR = (Fm’-Fs / Fm’) f I αleaf 
Where f is the fraction of absorbed quanta that is used by PSII and is assumed to be 0.4 for C4 
plants (Earl & Tollenaar 1998), I is incident photon flux density in µmol m
-2
s
-1, and αleaf is leaf 
absorptance calculated based on the fraction of blue light (10%) and the absorbtances for blue 
and red light. These were set at 0.85 and the calculated αleaf was 0.85.  
Equation 3.  qP = Fm’-Fs / Fm’-Fo 
Leaf Protein Extraction for Western Blot Analysis 
On the fourteenth day of the chilling treatment, leaf samples for protein analysis were 
collected from the mid-point between the ligule and tip of two fully expanded leaf blades per 
plant, avoiding the midrib, using a .635 cm diameter hole punch modified from the procedure of 
Wang et al. (2008). Four leaf discs were punched per plant, from the leaves used for the gas 
exchange measurements, yielding a total area of 1.27 cm
2
.  All leaf samples were immediately 
frozen by cutting into liquid nitrogen and then stored at -80 ºC until protein extraction.  
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Total leaf protein was extracted from the 1.27 cm
2
 of leaf blade for each plant, i.e. 
biological replicate, (n=4) of each accession.  Extraction was by grinding the frozen leaf samples 
in individual tubes containing two stainless steel macerating balls (#GBSS 156-5000-01, OPS 
Diagnostics, Lebanon, NJ), twice for 30 s at 300 rotations per minute (2000 Geno/Grinder, SPEX 
SamplePrep, Metuchen, NJ). Between the two macerations the samples were returned to -80°C 
for five minutes to ensure the tissue did not thaw during extraction. The macerated samples were 
placed on dry ice and 500 µl of extraction buffer was added to each tube.  The extraction buffer 
was as detailed by Wang et al. (2008).  Briefly, the extraction buffer contained 50mM HEPES, 
pH 8.0,  0.05% v/v Triton-X 100, 1mM EDTA, pH 8.0, 10 mM MgCl2, 5.96 mM dithiothreitol, 
1% w/v Casein, 1% w/v polyvinylpyrrolidone, and one protease inhibitor cocktail tablet per 10 
ml of extraction buffer (cOmplete ULTRA Tablets, Mini, EDTA-free tablets, Roche Applied 
Science, Indianapolis, IN, USA). The ground tissue and buffer was homogenized for one minute 
at 300 rotations per minute.  The resulting extract was centrifuged for one minute at 15,000g and 
the supernatant stored at -80 °C until western blot analysis.  
Western Blot Analysis 
Equal amounts of total protein, was loaded into each well of an SDS-PAGE 10% Tris-
HCL gels (Mini-PROTEAN TGX 456-1033, BIO-RAD Life Science, Hercules, CA).  
Polypeptides were separated by applying 200 V at 4 °C for 34 minutes. Protein pre-stained 
standards were added to provide a molecular weight ladder alongside the samples (Precision Plus 
Protein™ Kaleidoscope Standards 161-0375, BIO-RAD Life Science, Hercules, CA).  Separated 
proteins were then blotted onto polyvinylidene fluoride membranes in transfer buffer (.025 M 
Tris base, .192 M Glycine, and 20% [v/v] methanol) at 100 V for one hour at 4 °C.  Membranes 
were incubated with the primary poly-clonal antibodies in Tris buffered saline (170-6435, BIO-
RAD Life Science, Hercules, CA) with 0.05% TWEEN 20 (P5927, Sigma-Aldrich, St. Louis, 
MO, USA) for three hours at room temperature with constant agitation. Rubisco proteins were 
detected with rabbit polyclonal antibodies to spinach Rubisco large subunit (Agrisera Antibodies, 
Vännäs, Sweden).  PPDK proteins were detected with rabbit polyclonal antibodies to maize 
PPDK provided by Chris Chastain (Department of Biosciences, Minnesota State University, 
Moorhead, MN).   Membranes were then incubated with anti-rabbit IgG (whole molecule) 
alkaline phosphatase antibody produced in goat, affinity isolated (A7539, Sigma-Aldrich) for 
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one hour at room temperature with constant agitation.  The secondary antibody was detected 
with a mixture of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium 
(NBT) which bind to alkaline phosphatase (Western Blue® Stabilized Substrate, Promega, 
Madison, WI, USA).  Digital images were taken of each membrane (D80 SLR and AF Micro 
Nikkor 60mm lens, Nikon, Chiyoda-ku, Tokyo, Japan) and the relative volume and intensity for 
each band was quantified using 2-D image analysis software (ImageQuant TL 7.0, GE 
Healthcare Biosciences, Little Chalfont, U.K.). For analysis, protein content in the chilling 
treated leaves was expressed as a percentage of the protein content of control leaves. 
Statistical Analysis 
The experiment was a completely randomized design (n = 4). For the photosynthetic gas 
exchange and chlorophyll fluorescence measurements a mixed model analysis of variance was 
first used to determine if there was an effect of day in the control plants (25 °C) for each 
accession across the duration of the chilling treatment (PROC MIXED, SAS v 9.2; SAS Institute, 
Cary, NC). There was no significant effect of day (p < 0.05) in the control plants across the 
chilling treatment so the measurements were combined for the control in each accession.  This 
data was used to compare the response of chilling in each accession to the control, and for 
representative purposes is referred to as 25 °C in tables and figures.  A mixed model analysis of 
variance was used to compare the response of each accession across the two weeks of chilling 
with accession, temperature treatment, day of temperature treatment, accession by day of 
treatment and accession by treatment as fixed effects within the model (PROC MIXED, SAS v 
9.2; SAS Institute, Cary, NC).  To account for repeated measurements on individual plants 
during the time course of the chilling treatment, the repeated measures function with a specified 
Heterogeneous Compound Symmetry (CSH) covariance structure, selected using the goodness-
of-fit statistics Akaike’s information and Schwarz’s Bayesian criteria (AIC and BIC 
respectively), data type was applied in the PROC MIX procedure.  The Kenward-Roger 
denominator degrees of freedom correction was utilized to control the Type I error rate given the 
small sample size (Arnau et al. 2009).  An LSD at α = 0.05 determined significant differences 
between the means of A, Ci, gs, ΦPSII, ETR and qP.  
For the western blot analysis a mixed model analysis of variance was performed with 
accession, temperature and accession by temperature treatment interactions as fixed effects 
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(PROC MIXED SAS v 9.2; SAS Institute, Cary, NC). Analysis of least square differences of the 
means determined significant differences and percent change between the means for the 
variables: PPDK protein content and Rubisco protein content determined from band volumes. 
Protein content change was considered significant at α = 0.05. 
RESULTS 
Photosynthetic Gas Exchange and Chlorophyll Fluorescence Measurements  
Transfer from an optimal temperature of 25 °C to a chilling temperature of 14 °C for 13 
days, caused a significant decline in leaf CO2 uptake (A) in all accessions (Table 3.2; Table 3.3).  
However, the decline was least, at -47% of the A at 25°C, in the accession from the northern-
most site at Teshio.  A significantly greater decline of -60% of the A at 25°C, was observed in 
the population from the southern-most site of Miyazaki.  Although the third site at Uruyu, is only 
slightly south of Teshio, and the decline of -49% was only slightly greater, there was still a 
significant difference in the rate of A on day 13 of chilling.   The same pattern of difference 
between these populations was observed in ΦPSII, qP and ETR (Table 3.3).  Because A in the 
Teshio population was the highest at 25°C and decline on transfer to 14°C least, A at 14°C was 
more than double the rate of the Miyazaki population after 13 days (Table 3.3).   However, M. × 
giganteus showed a smaller decrease in all measures of photosynthesis on transfer to 14 °C than 
any of three populations of M. sinensis. 
   For all accessions and photosynthetic  measurements A, gs and chlorophyll fluorescence 
variables tested ( ΦPSII, qP and ETR), values for the control treatment (25 °C) were significantly 
higher than under chilling (14 °C) on all three measurement days: 3, 7 and 13 (α = 0.05). 
Although a slight decline to day 7 followed by a recovery to day 13 was indicated in A, qP and 
ETR, there was no significant effect of day of chilling for any of the accessions. For example, 
ETR on day 3 of the chilling treatment in M. sinensis Teshio was not significantly different from 
ETR on day 13 in M. sinensis Teshio.   For M. × giganteus, however, ΦPSII did show a 
significant increase of 21% between days 3 and 13 of chilling (α = 0.05) (Figure 3.1). There was 
no effect of day on ΦPSII in M. sinensis. For the control plants grown in parallel to the chilling 
plants for the duration of the two week chilling treatment, there was no effect of day on the 
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photosynthetic gas exchange or chlorophyll fluorescence parameters. Data is shown for the 
control plants for the variables represented in Figure 3.1 for comparison (Figure 3.2).  
In line with their higher A, both M. × giganteus and M. sinensis (Teshio) showed 
significantly higher gs at 25 °C, prior to imposing the chilling treatment (Figure 3.1).  Both also 
maintained about double the gs of the other accessions on transfer to 14 °C (Table 3.4).  
Although a slight decline was indicated, M. × giganteus showed no significant change in gs or Ci 
between days 3 and 13 in the chilling treatment, in contrast to the other three M. sinensis 
accessions.  All three showed a significant decline in gs to day 7 of chilling followed by a 
recovery by day 13.  Intercellular CO2 concentration (Ci) did not differ at 25 °C, prior to chilling 
in the accessions, averaging 140 µmol mol
-1
, which rose to 210 µmol mol
-1 
by day 3 of chilling.  
This changed little in M. × giganteus with further days of chilling, but in the M. sinensis 
accessions, it declined significantly to day 7 and then recovered in parallel with gs (Table 3.4; 
Figure 3.1).  
Western Blot Analysis 
 PPDK protein content was affected by the chilling treatment. By day 13 of chilling PPDK 
content increased by 48% and 38% in M. × giganteus and M. sinensis Teshio, respectively, but 
decreased by 28% in M. sinensis Miyazaki by day 14 of chilling (α = 0 .05; Figure 3.3).  
Although a decline in PPDK content was indicated in M. sinensis Uruyu, this was not significant 
(α =0 .0874).  Rubisco protein content was also significantly affected by the chilling treatment.   
By day 13 of chilling, Rubisco protein content increased significantly by 45% and 51% in M. × 
giganteus and M. sinensis Teshio, respectively (α = 0 .05; Figure 3.3). Although a decline in 
Rubisco content was indicated in M. sinensis Uruyu and M. sinensis Miyazaki, these changes 
were not significant (α > 0 .05).   
DISCUSSION 
This study confirms that there is statistically significant variation in chilling tolerance 
within M. sinensis (Clifton-Brown et al. 2001, 2008, 2011; Clifton-Brown and Lewandowski 
2002; Jørgensen et al. 2003; Stewart et al. 2009; Zub et al. 2012; Yan et al. 2012) and that this 
variation is correlated with latitude of origin.  It therefore suggests that adaptation of M. sinensis 
to cooler climates resulted from quantitative trait changes rather than a single genetic event.  
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While inter-specific variation in the ability to acclimate to cold climates has been shown in C4 
species (e.g. Naidu et al. 2003; Wang et al. 2008) this appears to be the first study to show intra-
specific variation that can be associated with the site of origin climate.  The study also appears to 
be the first to show that maintenance of effective C4 photosynthesis upon acclimation to chilling 
is associated with a large increase in leaf Rubisco content. 
Photosynthetic Gas Exchange and Chlorophyll Fluorescence Measurements 
M. sinensis collected from the cold climate at the northern tip of the major Japanese 
Islands (Teshio), adjacent to Siberia, maintained significantly higher rates of CO2 assimilation 
(A) when transferred to chilling temperatures that were almost double that of the population from 
the sub-tropical southern tip of Japan (Miyazaki), following the same chilling treatment.  Teshio 
has a mean June temperature of just 12.9 °C, with 20 days of chilling temperatures (≤ 14 °C) 
compared to 23.2 °C and no days of chilling temperatures in June at Miyazaki (Table 3.1; Japan 
Meteorological Agency 2011).   Although the population from Teshio showed A at 25 °C than 
the Miyazaki population, the decline after 14 days at 14 °C was only 47% and significantly less 
than the 60% decline in the Miyazaki population.  Higher A in M. sinensis Teshio were 
correlated to the maintenance of higher quantum yield of PSII, photochemical quenching, and 
electron transport rate.  This validates the usefulness of chlorophyll fluorescence, specifically the 
measurement of ΦPSII, for the identification of variability in chilling response between 
Miscanthus accessions.  Though the accessions tested in this study had varying levels of chilling 
tolerance, none surpassed that of M. × giganteus, which maintained the highest rates of CO2 
assimilation, ΦPSII, qP and ETR during the chilling treatment.  Not only did M. × giganteus have 
the highest A at 25 °C, it achieved 59% of this rate after 14 days of chilling and significantly less 
reduction than even M. sinensis Teshio, i.e. it showed the smallest reduction in A (Table 3.2).   
M. × giganteus is a sterile triploid that likely resulted from a single hybridization event 
on Honshu Island, Japan, between a diploid M. sinensis and the tetraploid form of M. 
sacchariflorus (Stewart et al. 2009).  Its superior chilling acclimation, even when compared to 
the collection of M. sinensis from the northern-most tip of Hokkaido, suggests that this 
characteristic must either result from hybrid vigor or from superior cold tolerance in the second 
parent, M. sacchariflorus.  The distribution of M. sacchariflorus in Asia extends as far north as 
M. sinensis on the Japanese islands, but has an even more northerly distribution on the mainland 
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into the Russian area of southern Siberia, indicating the possibility of similar or greater cold-
tolerance potential. It is unlikely, though, that M. sacchariflorus in this region contributed to the 
chilling-tolerance of the hybrid M. × giganteus, as M. sacchariflorus plants of this northern 
region are primarily diploid yet the hybrid resulted from a cross with a tetraploid (Nishiwaki et 
al. 2011). Additionally, the distribution of M. sacchariflorus in this region does not overlap with 
the distribution of M. sinensis.  The majority of M. sacchariflorus tetraploids are found 
distributed across the Japanese islands, where the geographical ranges between them and M. 
sinensis are sympatric (Clifton-Brown et al. 2008; Clifton- Brown et al. 2011; Nishiwaki et al. 
2011).   Further, based on synchrony of flowering times in the wild between the two species and 
rediscovery of wild triploid plants, it appears most likely that the M. × giganteus examined here 
originated from southern Japan (Nishiwaki et al. 2011). 
Western Blot Analysis 
PPDK and Rubisco are the key enzymes that exert metabolic control on light saturated 
photosynthesis in the leaves of C4 plants (von Caemmerer and Furbank 2003b; Kubien et al. 
2003; Furbank et al. 2004; Sage and Kubien 2007).  During acclimation to chilling conditions M. 
× giganteus maintained or increased the amounts of these enzymes, while both declined 
significantly in the close relative Z. mays.  This pattern is repeated here, but intra-specifically, 
within M. sinensis genotypes.  While the northernmost population showed a significant 38% 
increase in PPDK following 14 days of low temperature acclimation, the southernmost 
population showed a significant 28% decline (Figure 3.2).  However, PPDK increased by even 
more, 48%, in M. × giganteus, which corresponds to its more effective acclimation in terms of 
maintaining assimilation than any of the M. sinensis accessions examined (Figure 3.2).  These 
results provide strong support to the suggestion that maintenance of PPDK level is critical to the 
ability of C4 plants to acclimate their photosynthetic capacity to chilling conditions.   
Previous studies have suggested that Rubisco may also increase in M. × giganteus during 
chilling, although these changes were not statistically significant (Naidu et al., 2003; Wang et al. 
2009).  In a detailed recent review of C4 photosynthesis at low temperature, Sage et al. (2011) 
concluded that the apparent inability to increase Rubisco means that even cold-adapted C4 
species may have a low capacity for photosynthetic acclimation to cooler conditions.   This study 
provides the first statistical evidence that a C4 is capable of an increase in Rubisco during 
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acclimation to chilling conditions.  Here a statistically significant 45% increase in the Rubisco 
content per unit leaf area is observed in M. × giganteus and by 51% in the M. sinensis population 
from the northern-most collection site (Figure 3.2).  This provides support for the suggestion that 
Rubisco content will also be critical to the ability of C4 plants to sustain photosynthesis at 
chilling temperatures (Sage 2002; Kubien et al. 2003).  The statistically significant increase in M. 
× giganteus observed here used the same clone and identical chilling treatment to the earlier 
studies of Naidu et al. (2003) and Wang et al. (2008) which did not identify a significant 
increase.  Why this difference?  Inspection of the blots from these earlier studies show intensely 
stained large spots for Rubisco, which while sufficient for showing the loss of Rubisco from Z. 
mays during chilling, may have been too saturated to allow a clear identification of an actual 
increase.  The method used in the present study resulted in a far less intensely colored blot, 
which could allow better resolution of any increase.   
The operating efficiency of PSII (ΦPSII) is determined by the ability to transfer electrons 
away from PSII in whole chain electron transport.  When carbon metabolism is decreased during 
chilling, due to either decreases in carboxylation efficiency, the rate of RuBP regeneration or the 
supply of CO2 to the site of carboxylation, the rate of consumption of the products of the light 
reactions, NADPH and ATP, is reduced (Baker and Rosenqvist 2004).  When consumption 
slows, whole chain electron transport through PSII slows and non-photochemical quenching 
(NPQ) should increase to lower the excitation of PSII, a mechanism that helps avoid 
photoinhibitory and photo-oxidative damage. Increased NPQ subsequently decreases ΦPSII but 
helps prevent damage of PSII reaction centers. With prolonged stress, NPQ may be insufficient 
to suppress excessive excitation of PSII and thus photodamage to the reaction centers occur 
(Baker et al. 1988; Baker 1991; Nie et al. 1992; Ort and Baker 2002). Conversely, decreased 
ΦPSII due to photodamage will then lower production of NADPH and ATP in turn decreasing 
carbon metabolism.  This emphasizes the equilibrium needed between the processes of the light 
reactions and carbon metabolism in order to maintain CO2 assimilation during chilling.  From 
our study, this relationship is exemplified.  M. sinensis Teshio, the most northern accession, 
maintained efficiency of ΦPSII and increased content of PPDK and Rubisco, which corresponds 
to the significantly higher rate of CO2 assimilation compared to the accessions from more 
southern latitudes.  The largest decreases in ΦPSII and PPDK were seen in M. sinensis Miyazaki, 
the most southern accession, and M. sinensis Uruyu showed intermediate reductions in ΦPSII, no 
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significant changes in PPDK or Rubisco, and subsequently intermediate CO2 assimilation rates.  
M. × giganteus still had the greatest increase in PPDK and Rubisco content, which again 
corresponded to the highest rates of CO2 assimilation during chilling. This is in agreement with 
previous studies showing correlations to high ΦPSII and maintained Rubisco and increased PPDK 
content during acclimation to chilling conditions in M. × giganteus (Nie et al. 1992; Beale et al. 
1996; Naidu et al. 2003; Naidu and Long 2004; Farage et al. 2006; Wang et al. 2008).   
Conclusions 
As seen from this study, increased chilling tolerance in M. sinensis is found with 
increased latitude of origin and corresponds with both maintenance of ΦPSII and the key 
metabolic control points for photosynthetic carbon assimilation: PPDK and Rubisco.  This study 
has shown for the first time the capacity in M. sinensis to physiologically and biochemically 
acclimate photosynthesis and ability to achieve high rates under chilling conditions corresponds 
to the climate in the area of origin.  Further, M. sinensis originating from sub-tropical conditions 
appears as vulnerable to chilling damage, as chilling intolerant C4 crops such as maize, similarly 
losing PPDK and Rubisco.  The study not only confirms that increase in PPDK is associated with 
successful acclimation of the chilling-tolerant M. sinensis  population as well as M. × giganteus, 
but shows for the first time that this involves a large increase in Rubisco content. 
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TABLES AND FIGURES 
Table 3.1. Average annual and June temperature (°C) and precipitation (mm) of the locations of the 
three Japanese Miscanthus sinensis accessions between 2000 and 2010.  Each is gathered from the 
nearest national weather station with public accessible records (Japan Meteorological Agency, 2011). 
 
Japanese 
Island 
Accession 
Location Latitude Longitude Elevation 
Nearest 
Weather 
Station 
Latitude 
Station 
Longitude 
Station 
Avg. 
Annual/ 
June Temp.  
(°C) 
Avg. Precip. 
(mm) 
Hokkaido Teshio 44 55' N 141 59' E 100m 
Kitamiesashi 
No:47402 
44 56.4'N   142 35.1'E  
6.3/ 
12.9 
1088.91 
Hokkaido Uruyu  44 22' N 142 05' E 200m 
Haboro 
No:47404 
44 21.8'N   141 42.0'E 
7.9/ 
15.2 
1257.68 
Kyushu Miyazaki 31 83' N 131 42' E 30m 
Miyazaki 
No:47830 
 31 56.3'N  131 24.8'E 
17.8/ 
23.2 
2522.23 
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Table 3.2. Variance ratios (F) representing relative contributions of all fixed effects within the mixed 
model ANOVA toward the total error within the mixed model (a=0.1, n=4).  Accession and Treatment are 
significant effects for all parameters measured.  Treatment = Control (25 °C) and Chilling (14 °C).  Day = 
Days (3,7,13) in Chilling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source of 
Variation F p-value F p-value F p-value F p-value F p-value F p-value
Access ion 77.38 <0.0001 48.2 <0.0001 6.27 0.0008 45.77 <0.0001 27.22 <0.0001 36.31 <0.0001
Day 2 0.144 6.03 0.004 18.36 <0.0001 1.83 0.1776 1.29 0.2883 4.26 0.0231
Access ion*Day 0.09 0.9971 1 0.4364 5.79 <0.0001 0.64 0.6977 0.32 0.9201 1.56 0.1913
Treatment 427 <0.0001 72.07 <0.0001 76.07 <0.0001 383.8 <0.0001 269.5 <0.0001 152.3 <0.0001
Access ion* 
Treatment 1.02 0.3874 1.12 0.3477 1.35 0.2644 2.63 0.0619 3.75 0.0174 3.85 0.0157
ETR qPA g s C i ΦPSII
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Table 3.3. Photosynthetic leaf CO2 uptake rate (A) in μmol m
-2 s-1, quantum yield of Photosystem II 
(ΦPSII), photochemical quenching (qP) and electron transport rate (ETR) on day 13 of the chilling 
treatment (14 °C/12 °C day/night, respectively) compared to control (25 °C/20 °C day/night, 
respectively). Standard errors of the values of A, ΦPSII, qP and ETR are those calculated from the Least 
Square Means test.  The Least Square Differences (LSD) column represents the letter grouping, from the 
LSD test, comparing all accessions and treatments for each individual variable (A, ΦPSII, qP, or ETR).  
Mean values of a given measure assigned a given letter within a Column are significantly different from 
all means assigned a different letter (α = 0.05). The percent of 25 °C column shows the percent change 
in a given measureable changed  after 13 days of chilling treatment compared to the control.  
Accession A                          LSD 
% 
change 
ΦPSII LSD 
% 
Change 
qP LSD 
% 
Change 
ETR LSD 
% 
Change 
M. x g   
  
  
  
  
  
  
 
  
25°C 
20.89   
(± 0.72) 
A - 
0.475     
(± 0.013) 
A - 
0.806      
(± 0.023) 
A - 
96.69      
(± 3.27) 
A  - 
14°C 
12.33 
  (± 0.69) 
C -40.98 
0.312         
(± 0.013) 
D -34.32 
0.676    
(± 0.022) 
C -16.63 
63.54      
(± 3.18) 
D -34.28 
Teshio                         
25°C 
19.72 
 (± 0.72) 
A - 
0.446          
(± 0.014) 
A - 
0.763      
(± 0.027) 
AB - 
100.04      
(± 3.76) 
A  - 
14°C 
10.45 
 (± 0.65) 
D -47.01 
0.201         
(± 0.014) 
E -54.93 
0.532      
(± 0.027) 
D -30.28 
45.53       
(± 3.76) 
E -54.49 
Uruyu                         
25°C 
14.87   
  (± 0.83) 
B - 
0.381         
(± 0.011) 
B - 
0.709      
(± 0.019) 
BC - 
86.23       
(± 2.76) 
B  - 
14°C 
7.52     
 (± 0.67) 
E -49.43 
0.154         
(± 0.011) 
F -59.58 
0.440      
(± 0.019) 
E -37.94 
36.20        
(± 2.76) 
E -58.02 
Miyazaki                         
25°C 
14.5    
(± 0.95) 
B - 
0.363        
(± 0.012) 
C - 
0.700      
(± 0.02) 
BC - 
76.06         
(± 2.81) 
C -  
14°C 
5.86    
(± 0.62) 
F -59.59 
0.109     
(± 0.011) 
G -69.97 
0.371    
(± 0.018) 
F -47.00 
25.22        
(± 2.62) 
F -66.84 
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Table 3.4. Stomatal conductance (gs) in mol m
-2 s-1 and Ci μmol m
-2 s-1  on day 13 of the chilling treatment 
(14 °C/12 °C day/night, respectively) compared to control (25 °C/20 °C day/night, respectively). Standard 
errors of the values are those calculated from the Least Square Means test.  The Least Square 
Differences (LSD) column represents the letter grouping from the LSD test comparing all accessions and 
treatments for each individual variable.  Mean values of a given measure assigned a given letter within a 
Column are significantly different from all means assigned a different letter (α = 0.05). The percent of 25 
°C column shows the percent change in a given measureable changed  after 13 days of chilling treatment 
compared to the control.   
Accession 
gs                 
(mol m-2 s-1) 
LSD 
% 
Change 
Ci                
(μmol m-2 s-1) 
LSD 
% 
Change 
M. x g             
25°C 
0.14 
(±0.008) A -  
151.2 
(±7.5) B - 
14°C 
0.10 
(±0.008) B -29 
196.2             
(± 11.1) A +29 
Teshio             
25°C 
0.14   
(±0.01) A - 
146.2          
(± 8.9) B  - 
14°C 
0.09 
(±0.008) B -36 
201.0          
(± 10.7) A +37 
Uruyu             
25°C 
0.10   
(±0.01) A -  
134.9           
(± 9.3) B -  
14°C 
0.05 
(±0.007) B -50 
193.5           
(± 10.7) A +43 
Miyazaki             
25°C 
0.09 
(±0.009) A  - 
141.9 
(±8.3) B -  
14°C 
0.05  
(±0.007) B -44 
222.7           
(± 10.1) A +57 
60 
 
 
Figure 3.1. Change in A) leaf CO2 uptake (A, μmol m
-2 s-1); B) operating efficiency of photosystem II (ΦPSII , dimensionless); C), stomatal conductance (gs,  mol m⁻² s⁻¹); and D) intercellular CO2 
concentration (ci, µmol m
-2 s-1) in M. × giganteus (closed circles)and the three Japanese M. sinensis accessions: Teshio (open circles), Uruyu (closed triangles) and Miyazaki (open triangles) after 
transfer to chilling (14 °C/12 °C day/night, respectively).   Day 0 represents the control plants (25 °C/20 °C day/night, respectively) measured across the two weeks of the chilling treatment. The data 
for the individual days was combined and represented by one value because there was no significant effect of days in the control plants (Figure 3.2). Different letters show mean values that differ 
significantly with time in chilling (α = 0.05).  Where there are no letters on a given line there were no significant differences. Points represent least square means ± 1 SE.  
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Figure 3.2.  A) leaf CO2 uptake (A, μmol m
-2 s-1); B) operating efficiency of photosystem II (ΦPSII , dimensionless); C), stomatal conductance (gs,  mol m⁻² s⁻¹); and D) intercellular CO2 concentration (ci, 
µmol m-2 s-1) in the control plants (25 °C/20 °C day/night, respectively ) for M. × giganteus (closed circles) for the three Japanese M. sinensis accessions: Teshio (open circles), Uruyu (closed triangles) 
and Miyazaki (open triangles)  across the two weeks of the chilling treatment (14 °C/12 °C day/night, respectively).  For comparison to the treatment plants the data for the control plants across the 
individual days was combined for each accession and represented by one value, because there was no significant effect of days in the control plants. Points represent least square means ± 1 SE.  
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Figure 3.3.  Representative Western blots showing the percent of PPDK and Rubisco protein content 
change after 14 days of chilling treatment (14 °C/12 °C day/night respectively) relative to control (25 
°C/20 °C day/night respectively) in M. × giganteus and the three Miscanthus sinensis accessions. Images 
show just one biological replicate of each temperature treatment.   Mean percent changes (n=4) in the 
table are for all blots.  Standard errors and p-values are those calculated from the Least Square 
Differences test; content change was considered significant at a p-value of ≤0.05 (n=4). 
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CHAPTER 4 
 
THE POTENTIAL BIOFUEL CROP SPARTINA PECTINATA ‘RED RIVER’ 
IS A NORTH AMERICAN NATIVE PEP-CK-TYPE C4 PERENNIAL GRASS 
WITH GREATER CHILLING TOLERANCE THAN MISCANTHUS X GIGANTEUS 
 
ABSTRACT 
Chilling tolerance (14 °C) was compared in three C4 biofuel crop species, Spartina 
pectinata cv. ‘Red River’ Link, Miscanthus × giganteus and Zea mays L.  Previous studies show 
that the chilling-tolerant species M. × giganteus, native to Japan, is exceptionally productive 
among C4 grasses in cold climates. It is able to maintain photosynthetically active leaves at 
temperatures 6 °C below the minimum for Z. mays. The critical differences between these two 
closely related NADP-ME-type plants during chilling is M. × giganteus maintains a high 
capacity for leaf photosynthetic CO2 uptake (A) and that this is associated with maintainence of 
pyruvate phosphate dikinase (PPDK) and ribulose-1,5-biosphosphate carboxylase/oxygenase 
(Rubisco) contents.  In Z. mays photosynthetic capacity declines along with these  key 
photosynthetic proteins.  S. pectinata has the most northernly distribution of known C4 plants in 
North America.  However, previous analyses of this genus suggest that PPDK is not involved in 
its low temperature tolerance.  Photosynthetic gas exchange and chlorophyll fluorescence was 
measured and analyzed, together with PPDK and Rubisco contents,  of all three species grown at 
25 °C and also under chilling conditions (14 °C) for two weeks. S. pectinata maintained higher 
photosynthetic rates than M. × giganteus and Z. mays during chilling. Surprisingly, S. 
pectinata—a PEP-CK-type C4 species thought to have low amounts of PPDK, actually had 
similar amounts per unit leaf area to M. × giganteus at 25 °C, and PPDK contents in both species 
increased during chilling. As in previous studies, Rubisco and PPDK declined significantly in Z. 
mays.  However, Rubisco was increased in  M. × giganteus and was unchanged in  S. pectinata. 
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INTRODUCTION 
Few C4 grasses are able to both survive and be productive in cold and cool temperate 
climates, with Miscanthus × giganteus and its parent species being the best known exception.  
However, the first C4 grass discovered in a cool temperate climate was Spartina anglica (pseud. 
Spartina townsendii). This species is highly productive on coastal salt marshes in western 
Europe, occurring up to 62° N (Long et al. 1975).   Like M. × giganteus, it can maintain high 
rates of photosynthesis, relative to C3 grasses, at chilling temperatures of 14 °C and below (Long 
and Woolhouse 1978).  In the field, it can produce and maintain high rates of photosynthesis at 
54° N from April until November (Long and Incoll 1979).  Subsequently, the whole genus of 
Spartina is now recognized as C4 and includes other species that, like S. anglica, are both 
productive and extend in distribution to 60° N (Long 1999). 
Chilling tolerance in M. × giganteus has been attributed to its ability to produce and 
maintain photosynthetically active leaves at temperatures as low as 10 °C (Beale et al. 1996; 
Naidu and Long 2004; Farage et al. 2006). This factor corresponds to the maintenance of 
photochemical quenching (qP), quantum efficiency of electron transport through photosystem II 
(ΦPSII), and the increase or maintenance of key rate limiting enzymes of C4 photosynthesis: 
pyruvate phosphate dikinase (PPDK) and ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco).  Z. mays is unable to maintain photosynthetically active leaves during chilling, as seen 
in the reductions in A, ΦPSII, and qP, and the significant associated declines in both PPDK and 
Rubisco per unit leaf area (Long et al. 1983; Nie et al. 1992; Haldimann 1996; Wang, Naidu, et 
al. 2008; Wang, Portis, et al. 2008).  The ability of M. × giganteus to maintain or increase PPDK 
and Rubisco contents may be critical.  In the C4 plant Flaveria bidentis, transformant lines 
produced to yield decreases in individual photosynthetic enzymes showed that metabolic control 
of light-saturated photosynthesis is shared between PPDK (0.2-0.3) and Rubisco (0.7; Furbank et 
al., 1997).  Thus, loss of either enzyme would be expected to lower photosynthetic potential, as 
observed in leaves of Z. mays following transfer to chilling conditions.   
While M. × giganteus uses NADP-“Malic enzyme” for decarboxylation of dicarboxylates 
within the bundle sheath cells (NADP-ME C4 form),  Spartina species use PEP-carboxykinase 
(PEP-CK C4 form).  In PEP-CK type C4 species, PEP is formed in the bundle sheath by the 
decarboxylation reaction.  Normally, this PEP is then converted to pyruvate or alanine and 
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translocated back to the mesophyll, where pyruvate is converted to PEP via PPDK (Drincovich 
et al. 2011).  Though still debated (Hatch and Kagawa 1973; Hatch 1987; Furbank et al. 2004), 
one solution to the low temperature liability of PPDK would be to bypass this step in the cycle 
and use the PEP formed in the bundle sheath as the source for subsequent carboxylation in the 
mesophyll.  Smith et al. (1982) and Smith and Woolhouse (1983) found that the activities of 
PPDK in the mesophyll of Spartina anglica were far too low to support observed rates of 
photosynthesis in vivo.  They hypothesized that PEP must be supplied to the mesophyll by 
translocation of the PEP formed by decarboxylation in the bundle sheath.  These findings suggest 
that Miscanthus and Spartina may have solved the problem of acclimation of photosynthesis to 
chilling conditions, with respect to PPDK, by very different routes, one increasing the enzyme 
and one by-passing it.   
The recent increased interest in bioenergy has increased interest in C4 perennial grasses, 
particularly those that might be produced on marginal lands, and this has revived interest in 
grasses of the genus Spartina.  Spartina pectinata Link (prairie cordgrass), like M. × giganteus, 
is a tall, rhizomatous, C4 perennial warm-season grass; but contrasts in being  native to North 
America and producing viable seeds.  The genus Spartina has the most northerly distribution of 
any of the C4 perennial grasses, reaching up to 60°N in Quebec, Canada (Potter et al. 1995) and 
Spartina species develop photosynthetically active canopies earlier than most other warm- 
season grasses (U.S. DOE 2006). S. pectinata is found predominantly in tall-grass prairie, 
marshes, wet meadows, and drainage ways throughout Canada and the United States, with the 
exceptions of Louisiana to South Carolina in the American Southeast as well as California, 
Nevada, and Arizona in the American West (Mobberley 1956; Smeins and Olsen 1970).  This 
species is well-known for its tolerance to salinity and is highly valued for wetland restoration, 
erosion prevention, native wildlife habitat construction, and forage production (Montemayor et 
al. 2008).    Salinity tolerance is conferred by salt glands, which actively secrete Na
+
 onto the 
leaf and stem surface and are found throughout the genus (Levering and Thomson 1971; Kim et 
al. 2011).  While it can be cultivated on well drained soils (e.g. Potter et al. 1995), it contrasts to 
Panicum virgatum L. (switchgrass) and M. × giganteus in its tolerance to both salinity and water-
logging.   
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S. pectinata has been evaluated for biomass production in Europe (Potter et al. 1995), 
Quebec (Madakadze et al. 1998) and South Dakota (Boe and Lee 2007; Boe et al. 2009), and 
produces yields comparable to those of switchgrass.  In South Dakota, S. pectinata ‘Red River’ 
Natural Germplasm yielded 14.6 Mg h 
-1
 on marginal lands. ‘Red River’ Natural Germplasm is 
the only selected class release of prairie cordgrass from the USDA-NRCS Bismarck Plant 
Materials Center.  
The present study examines chilling-tolerance of photosynthesis in the potential biofuel 
crop S. pectinata ‘Red River’, a PEP-CK-type C4 species, compared to the known chilling 
tolerant M. × giganteus and chilling-intolerant Z. mays using photosynthetic gas exchange and 
chlorophyll fluorescence measurement and analysis, coupled with Western blot analysis of the 
key proteins PPDK, Rubisco and PEP-CK.  Specifically, this study re-examines via protein 
detection, rather than enzyme activity, whether PPDK is absent from the cold-tolerant PEP-CK 
C4 species, S. pectinata. 
MATERIALS AND METHODS 
Biological Materials  
M. × giganteus rhizomes obtained from the University of Illinois and Z. mays cv. B73 
seeds were grown in individual 1.2 liter pots in potting soil (Sunshine Mix LC1
2 
; Sun Gro 
Horticulture, Bellevue, WA, USA)  following the procedures previously described in Naidu and 
Long (2004) and in Chapter 3.  S. pectinata cv. ‘Red River’ was developed by open pollination 
among vegetative propagules obtaned from East Central Minnesota, North Dakorta and South 
Dakota and the ‘Red River’ Natural Germplasm was released from the USDA-NRCS Bismarck 
Plant Material Center (Boe and Lee 2007; Boe et al. 2009).  The ‘Red River’ Natural Germplasm 
was originally obtained from a commercial seed source by the University of Illinois (Kim et al. 
2010). For this experiment, individual rhizomes collected from the ‘Red River’ (RR) population 
at the University of Illinois Emergy Farm were grown in individual 1.2 liter pots as described 
above. Eight M. × giganteus plants, eight Z.mays plants, and eight S. pectinata RR plants were 
grown in a controlled-environment growth chambers (Conviron E15; Controlled Environments, 
Winnipeg, Manitoba, Canada) under 500 µmol photons m
-2
s
-1
 incident broad spectrum light 
provided by high-pressure mercury and sodium lamps, in a 14-h-day/10-h-night cycle at 25 
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ºC/20 ºC (control) day/night temperature, maintained at 70% relative humidity.  After one week 
of acclimation to the control growth chamber, half of the plants were then transferred to an 
identical growth chamber maintained at 14 ºC/12 ºC (chilling) with all other conditions as in the 
control chamber.  
Photosynthetic Gas Exchange and Chlorophyll Fluorescence Measurements 
Photosynthetic gas exchange and modulated chlorophyll fluorescence were measured as 
described in Chapter 3.  Briefly, photosynthetic and fluorescence measurements were taken on 
the youngest fully expanded leaves of the plants grown in the control and chilling growth 
chambers. The measurements on the control plants were used to compare the response of the 
plants transferred to chilling. Acclimatory responses in the treated plants were measured across 
the first nine days of chilling upon transfer.  Measurements were taken using a portable open gas 
exchange system (LI-6400XT; LI-COR, Lincoln, NE).  The measurement temperature was either 
25 °C for the control plants or 14 °C for the chilling treated plants. Quantum yield of 
photosystem II (ΦPSII), electron transport rate through PSII (ETR), and photochemical quenching 
(qP) were measured and calculated as previously described in Chapter 3. A, gs and Ci were 
determined across the first nine days of chilling. ΦPSII, ETR, qP and Fv’/Fm’ were determined 
before transfer to chilling treatment and then on day 9 of the chilling treatment.  
Leaf Protein Extraction for Western Blot Analysis 
Leaf protein collection and extraction was performed as described in detail in Chapter 3.  
Briefly, on the fourteenth day of chilling treatment, leaf samples for protein analysis were 
collected from the mid-point between the ligule and tip of two fully expanded leaf blades per 
plant, from the control and treatment plants, modified from the procedure of Wang et al., 2008. 
Total leaf protein was extracted from 1.27 cm
2
 of leaf blade for each biological replicate (n=4) 
and species using extraction buffer prepared as detailed by Wang et al. (2008).  The resulting 
extract was stored at -80 °C until western blot analysis.  
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Western Blot Analysis 
Western blot analysis was performed following the methods described in detail in 
Chapter 3.  Briefly, total leaf protein, on an equal leaf area basis, was loaded into SDS-PAGE 
10% Tris-HCL gels (Mini-PROTEAN TGX 456-1033, BIO-RAD Life Science, Hercules, CA).    
Separated proteins were then blotted onto polyvinylidene fluoride membranes in transfer buffer. 
Membranes were then incubated with the primary poly-clonal antibodies in Tris buffered saline 
(170-6435, BIO-RAD Life Science, Hercules, CA) with 0.05% TWEEN 20 (P5927, Sigma-
Aldrich, St. Louis, MO, USA). Rubisco proteins were detected with rabbit polyclonal antibodies 
specific to spinach Rubisco large subunit (Agrisera Antibodies, Vännäs, Sweden).  PPDK 
proteins were detected with rabbit polyclonal antibodies specific to maize PPDK provided by Dr. 
Chris Chastain (Department of Biosciences, Minnesota State University, Moorhead, MN). PEP-
CK proteins were detected with rabbit affinity purified antibodies specific to rice PEP-CK 
provided by Drs. Karen Bailey and Richard Leegood (Department of Animal and Plant Sciences, 
The University of Sheffield, Sheffield, UK).  Membranes were then incubated with anti-rabbit 
IgG (whole molecule) alkaline phosphatase antibody produced in goat, affinity isolated (A7539, 
Sigma-Aldrich).  Relative volume and intensity for each protein band in each species and 
treatment was quantified using 2-D image analysis software ImageQuant TL 7.0 (GE Healthcare 
Biosciences, Little Chalfont, U.K.). For analysis, protein content in the chilling treated leaves 
was expressed as a percentage of the protein content of control leaves. 
Statistical Analysis 
For the photosynthetic and chlorophyll fluorescence measurements a mixed model 
analysis of variance was used to determine effects of species, temperature treatment, day of 
treatment, species by day, and species by treatment interactions on the photosynthetic 
measurements and effects of species, treatment, and species by treatment interactions on the 
chlorophyll fluorescence measurements (PROC MIXED, SAS v 9.2; SAS Institute, Cary, NC).  
A Least Square Differences (LSD) test determined significant (α = 0.05) differences between the 
accessions and days for each variable: A, Ci, gs, ΦPSII, Fv’/Fm’, ETR and qP.   For the western blot 
analysis, a mixed model analysis of variance was used (PROC MIXED SAS v 9.2; SAS Institute, 
Cary, NC) to determine the effects of temperature on content of PPDK and Rubisco in M. × 
giganteus and Z. mays, and PPDK, Rubisco and PEP-CK in S. pectinata RR. A LSD test was 
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used to determine significant differences between means of control and chilling protein contents 
of each species. Protein content differences were considered significant at α = 0.05. 
RESULTS 
Photosynthetic Gas Exchange and Chlorophyll Fluorescence Measurements 
The chilling treatment had a significant effect on all measured parameters (Table 4.1).  S. 
pectinata RR had signifcantly higher rates of photosynthesis across all nine measured days of the 
chilling treatment when compared to M. × giganteus and Z. mays (α = 0.05; Figure 4.1).  S. 
pectinata RR only suffered a 42% decline in photosynthetic rate by day nine of chilling when 
compared to the 25°C grown plants, while M. × giganteus and Z. mays showed 52% and 66% 
declines, respectively (Table 4.2).   All three species showed continuing declines in 
photosynthetic rate over the first three days of chilling, but S. pectinta RR rates did not decline 
further after day three, while M. × giganteus continued to decline an additional day before 
showing a 7.4% recovery by day six compared to day four (α = 0.05; Figure 4.1).  Rates in Z. 
mays steadily declined over the nine days of chilling (Figure 4.1). All three species showed a 
signficant decline in gs during chilling, but only S. pectinata RR showed a significant decline of 
32% in Ci (α = 0.05; Table 4.2; Figure 4.2).  
 S. pectinata RR and M. × giganteus displayed similar reductions of approximately 20% 
in Fv’/Fm’ during chilling but S. pectinata RR maintained 5% more ΦPSII compared to M. × 
giganteus (Table 4.2).   Z. mays suffered the greatest reductions in Fv’/Fm’ and ΦPSII at 37% and 
66%, respectively, corresponding to its large decline in A compared to the other two species (α = 
0.05; Table 4.2).  M. × giganteus showed a significant but minimal reduction in qP and ETR at 
19% and 29%, respecitively, while Z. mays suffered much greater reductions of 46% and 55% (α 
= 0.05).  S. pectinata RR did show slight declines in qP and ETR, but these were not 
significantly different from the 25 °C rates at 14% and 11%, respectively (α = 0.05; Table 4.2), 
corresponding to its superior maintanence of leaf CO2 uptake rate during chilling in comparison 
to both Z. mays and M. × giganteus.  
Western Blot Analysis 
It was discovered that S. pectinata RR has a significant amount of PPDK. In fact, S. 
pectinata RR PPDK content per unit area of leaf did not significantly differ per from M. × 
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giganteus at 25 °C (Figure 4.3).  All three species showed significant changes in PPDK content 
during the chilling treatment when compared to their contents at 25 °C (Figure 4.4; Table 4.3). In 
S. pectinata and  M. × giganteus PPDK content increased by 35.1% and 24.1%, respectively, 
during chilling, while PPDK declined by 41% in Z.mays (α = 0.05; Figure 4.4; Table 4.3).  
Rubisco content also increased in M. × giganteus by 32.9% (α< 0.05). Though not found to be 
significant, Rubisco was indicated to increase by 12.9% in S. pectinata (Table 4.3).  In Z. mays, 
Rubisco decreased by 29.9% (α = 0.05; Table 4.3; Figure 4.4).  PEP-CK content in S. pectinata 
did not appear to change significantly between chilling conditions and a temperature of 25 °C (α 
= 0.05; Table 4.3; Figure 4.5).  
DISCUSSION 
While the widely trialled clone of M. × giganteus has emerged as the archetypal cold-
tolerant C4 grass, it appears that  S. pectinta RR, a PEP-CK-type C4 perennial grass, has greater 
chilling tolerance.  Equally surprising (cf. Smith and Woolhouse, 1983) is that not only does S. 
pectinata have similar amounts of PPDK to M. × giganteus, the ability of S. pectinata to achieve 
high photosynthetic rates on acclimation to chilling conditions also corresponds to an up-
regulation of the amount of this protein.  Indeed the greater increase observed in S. pectinata 
relative to M. × giganteus corresponds to its higher rates of all measures of photosynthesis 
during chilling.   
A previous two-week study at 10 °C comparing chilling tolerant Spartina anglica to 
chilling intolerant Zoysia japonica, both PEP-CK-type species, attributed the tolerance in S. 
anglica to maintenance of PEP-CK activity, and a slight, though not signifcant, increase in 
Rubisco activity of 16% (Matsuba et al. 1997). This corresponds with our findings in S. pectinta 
RR.   Activities of both PEP-CK and Rubisco were reduced drastically in Z. japonica by 80% 
and 40%, respectively.  Activities of PPDK were tested and showed no change in S. anglica but 
declined in Z. japonica.   However, the rates of activity of PPDK were found to be so low that it 
was assumed to have little control on the overall photosynthetic rates. This corresponded with 
previous results that showed PPDK rates in S. anglica were only high enough to support  17% of 
photosynthetic rate in the plant (Smith and Woolhouse 1983).  These findings correlated with the 
theory that PEP-CK-type C4 species have lower levels of PPDK due to the decarboxylation of 
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OAA in the bundlesheath by PEP-CK to generate PEP, which is thought to then move directly 
back to the mesophyll to be utilized by PEPc, without conversion to pyruvate (Hatch 1987; 
Furbank et al. 2004). This process would largely eliminate the need for PPDK, which regenerates 
PEP from pyruvate in the mesophyll chloroplasts, and is known to cause chilling intolerance due 
to the dissociation of its sub-units during chilling (Naidu et al. 2003; Naidu and Long 2004; 
Wang, Portis, et al. 2008).  This led to the hypothesis that chilling tolerance in PEP-CK-type 
species is achieved through by-passing PPDK.   
In contrast to this reasoning, this study discovered that S. pectinata RR has similar leaf 
contents of PPDK to M. × giganteus, and that PPDK content actually increases by 35% during 
chilling (Table 4.3).  The low levels of PPDK activity seen in S. anglica could be due to a failure 
of the extracted activity to reflect that in vivo or reflect a species difference in the mechanism by 
which chilling tolerance has been achieved within the genus Spartina. In fact, Hatch (1987) 
summarized that PPDK activity levels in PEP-CK-type species ranged from 150% to 400% of 
levels seen in C3 species, emphasizing not only the variation, but also the fact that PEP-CK-types 
do have significant PPDK activity.  High levels of PPDK and PEP-CK in S. pectinata RR, and 
maintenance of both during chilling, may give S. pectinata RR an advantage over M. × giganteus 
in that there could be two pathways for PEP regeneration.  
Corresponding to the highest rate of A during chilling and the greatest increase in PPDK, 
together with maintenance of Rubsico and PEP-CK content, S. pectintata RR also showed the 
smallest reduction in ΦPSII (31%), and no significant reductions in qP or ETR.  M. × giganteus 
showed intermediate reductions of 36%, 19%, and 29%, in all three light reaction parameters, 
while Z. mays suffered the greatest reductions of 66%, 46%, and 55% (Table 4.2). The greater 
maintenance of the operating efficiency of PSII (ΦPSII), which is determined by the ability to 
transfer electrons away from PSII, is coupled to the maintenance of high rates of ETR.  These 
reactions are critical for their creation of NADPH and ATP, which are consumed by carbon 
metabolism. If carbon metabolism were reduced during chilling due to either decreases in 
carboxylation efficiency, the rate of RuBP regeneration, or the supply of CO2 to the site of 
carboxylation, the rate of consumption of NADPH and ATP would decline, causing a need for 
increased non-photochemical quenching (NPQ), and subsequently decreasing qP (Baker and 
Rosenqvist 2004). S. pectintata RR does not show a significant decline in qP indiciating that the 
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rate of consumption of NADPH and ATP by carbon metabolism are not slowed enough to alter 
the rates of  ETR or qP. These results are verified by the maintenance of the key rate-limiting 
enzymes of C4 photosynthesis (Long 1983; von Caemmerer and Furbank 2003a; Furbank et al. 
2004).  This is in sharp contrast with Z. mays during chilling (Table 4.2).  It is well documented 
that the sharp reduction in A during chilling of Z. mays is related to increased NPQ and, with 
prolonged exposure, irrepairable damage to PSII, both of which decrease ΦPSII (Nie et al. 1992; 
Fryer et al. 1995, 1998; Haldimann 1996).  In addition, both PPDK and Rubisco decline 
significantly, further accelerating the loss of capacity for  breakdown of A during chilling (Naidu 
et al. 2003; Naidu and Long 2004; Wang, Naidu, et al. 2008; Wang, Portis, et al. 2008).  S. 
pectinata is shown here to effectively avoid all of these detrimental changes.  Of course, 
improved leaf photosynthesis does not necessarily translate directly into improved productivity 
per hectare of land.  But the observations suggest that S. pectinata will be able to maintain 
photosynthetically viable leaves over an even longer period of the year than M. × giganteus.  The 
longer growing season of M. × giganteus in a side-by-side comparison with Z. mays was shown 
to explain the significantly higher biomass yield of the former (Dohleman and Long 2009).  By 
analogy, S. pectinata might be expected to out-perform M. × giganteus in a similar side-by-side 
trial, which would be the obvious next step for this work. 
CONCLUSIONS 
 Here we uncover that a North American native perennial grass species, S. pectinata RR, 
is highly chilling tolerant, more so than M. × giganteus. This is exciting because S. pectinata is a 
C4 species and a potential second-generation biofuel crop with high yield.  S. pectinata, already 
known for its salt and water logging stress tolerance (Boe et al. 2009), is therefore a prime 
candidate for biofuel production on marginal lands in the United States that are not suited to 
traditonal food crops such as Z. mays.  In addition, unlike M. × giganteus, S. pectinata can 
produce viable seed, making the use of traditional breeding for additional important agronomical 
traits possible, and allowing a more rapid scale-up of production than would be possible from 
vegetative propagation from rhizomes.   
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TABLES AND FIGURES 
 
Table 4.1. F-values representing relative contributions of all fixed effects within the mixed model ANOVA 
toward the total error within the mixed model (α=0.05, n=4). P-values show significance of the effect.  
 
 
  
Source of 
Variation F p-value F p-value F p-value F p-value F p-value F p-value F p-value
Species 172.6 <0.0001 10.2 <0.0001 8.3 0.0003 15.7 <.0001 14.9 <.0001 6.6 0.0046 16.3 <.0001
Day 19.2 <0.0001 5.7 <0.0001 4.7 <.0001 - - - - - - - -
Species*  
Day 3.7 <0.0001 2 0.0127 1.1 0.3644 - - - - - - - -
Treatment 371.3 <0.0001 92.5 <0.0001 0.03 0.8549 307 <.0001 71.5 <.0001 69.5 <.0001 241.3 <.0001
Species * 
Treament 9.6 <0.0001 4.9 0.0082 0.6 0.5521 18.9 <.0001 10.1 0.0005 11.1 0.0003 9.6 0.0007
qP Fv' /Fm'A g s C i ΦPSII ETR
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Table 4.2. Means and standard errors (in parentheses) for photosynthetic gas exchange and chlorophyll 
fluorescence parameters for Miscanthus x giganteus, Spartina pectinata RR and Zea mays plants grown 
and measured at 25/20 °C or 14/12 °C  day/night temperature.  Comparisons were made to day 9 of 
chilling. Within each species, the final percent change from 25 °C is calculated and significant differences 
between temperatures at α = 0.05 level are indicated in bold font (n=4). 
 Miscanthus x giganteus Spartina pectinata Zea mays 
Parameter 25/20°C 14/12°C 
% 
Change 25/20°C 14/12°C 
% 
Change 25/20°C 14/12°C 
% 
Change 
                    
A (μmol m-2 s-1) 25.8 (0.6) 12.7 (0.5) -51 25.8 (0.7) 15.0 (0.5) -42 21.1 (0.7) 7.2 (0.5) -66 
gs(μmol m
-2 s-1) 0.30 (0.02) 0.14 (0.01) -56 0.30 (0.02) 0.10 (0.02) -65 0.27 (0.02) 0.07 (0.01) -75 
Ci (μmol m
-2 s-1) 235 (9) 213 (17) -9 237 (11) 162 (21) -32 248 (13) 214 (16) -14 
Fv'/Fm' 0.59 (.01) 0.46 (0.01) -22 0.62 (0.01) 0.50 (.02) -20 0.59 (0.01) 0.37 (0.02) -37 
ΦPSII 0.47 (0.01) 0.30 (0.01) -36 0.48 (0.01) 0.33 (0.02) -31 0.48 (0.01) 0.17 (0.02) -66 
qP 0.80 (0.01) 0.65 (0.03) -19 0.78 (0.01) 0.67 (0.05) -14 0.82 (0.01) 0.44 (0.04) -46 
ETR 91 (3) 65 (3) -29 84 (4) 75 (5) -11 84 (4) 38 (4) -55 
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Table 4.3. Mean percentage of change and standard error of C4 photosynthetic protein amounts (from 
western blots) relative to 25 °C for Miscanthus x giganteus, Spartina pectinata RR and Zea mays (n=4) 
Values were calculated from four replicate leaf samples for each species grown and measured at either 
25 °C/20 °C or 14 °C/12 °C day/night temperature.  Significant differences between temperatures at α = 
0.05 level are indicated in bold font.  
  Miscanthus x giganteus Spartina pectinata Zea mays 
 
                  
  % Change SE P-value % Change SE P-value % Change SE P-value 
          
PPDK + 24.1 7.3 0.0016 + 35.1 7.5 0.0006 - 41.0 6.8 <.0001 
Rubisco + 32.9 7.3 <.0001 + 12.9 7.5 0.1109 - 29.9 4.8 <.0001 
PEPCK - - - + 2.9 3.7 0.4577 - - - 
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Figure 4.1. Change in measured leaf CO2 assimilation rate (A) and percent of CO2 assimilation rate  (B) across nine 
days of chilling in Miscanthus x giganteus, Spartina pectinata RR, and Zea mays compared to plants at 25 °C.  
Symbols represent the means (± 1 SE; n=4). Letters represent significant differences between days within each 
species (α = 0.05). No letter means the day is not significantly different from the one before it.  Letters are as 
follows: S. pectinata RR: A-D, M. x giganteus : E-I, Z. mays: K-P.   
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Figure 4.2. Change in stomatal conductance (gs; A) and  internal cellular CO2 (Ci; B) across nine days of chilling in Miscanthus x 
giganteus, Spartina pectinata RR, and Zea mays compared to plants at 25 °C. Symbols represent the least square means (± 1 
SE). Letters represent significant differences between days within each species (α = 0.05). No letter means the day is not 
significantly different from the one before it.  Letters are as follows: S. pectinata RR: A-D, M. x giganteus : E-I, Z. mays: K-P.  
Closed circles: M. x giganteus, open circles: S. pectinata, closed triangles: Z. mays (n=4).  
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Figure 4.3. Sample western blot of PPDK extracted from Spartina pectinata RR and Miscanthus x 
giganteus leaves grown at 25 °C/20 °C day/night temperatures. Samples were loaded on an equal leaf 
area basis and images are of one western blot comparing the two species. 
 
 
 
 
Figure 4.4. Sample western blots of PPDK and Rubisco extracted from Miscanthus x giganteus, Zea mays, 
and Spartina pectinata RR leaves grown at 25 °C/20 °C or 1 4 °C/12 °C day/night temperatures. Samples 
were loaded on an equal leaf area basis and images comparing the two temperatures in each species are 
from one western blot. 
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Figure 4.5. Sample western blot of PEP-CK extracted from Spartina pectinata RR leaves grown at 25 
°C/20 °C or 14 °C/12 °C day/night temperatures. Samples were loaded on an equal leaf area basis and 
the image is from one western blot comparing the two temperatures. 
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CHAPTER 5 
CONCLUDING REMARKS 
A prevailing view of the chilling tolerance of C4 plants, recently summarized by Sage et 
al. (2011), is that low capacity of Rubisco at low temperature in C4 plants “imposes a ceiling on 
photosynthesis that adaptation and acclimation appear unable to overcome. This low ceiling may 
in turn restrict the ability of C4 species to compete against their C3 associates in cold climates.”  
The results presented here appear to challenge this view.  First, clear evidence is presented that 
adaptation has occurred.  Miscanthus sinensis from the coldest part of Japan, relative to the same 
species from sub-tropical Japan, has greater capacity to deal with chilling conditions by up-
regulating both PPDK and Rubisco.  Secondly, the ca. 50% increase in Rubisco also shows that 
this population of M. sinensis as well as Miscanthus  × giganteus are clearly able to acclimate to 
cold conditions, as evidenced by light-saturated rates of leaf CO2 uptake of 11 – 13 µmol m
-2
 s
-1
 
at a leaf temperature of 14 °C in chilling acclimated individuals of these two accessions.  The 
even higher light-saturated rate of 15 µmol m
-2
 s
-1
 in Spartina pectinata, also associated with 
acclimatory increases in PPDK and Rubisco, provides evidence that Miscanthus is not the only 
exception to the “prevailing view” summarized by Sage et al. (2011).  Even in the cold climates 
of northern Japan (M. sinensis) and North Dakota (S. pectinata), these species dominate 
microsites (Smeins and Olsen 1970; Stewart et al. 2009) by excluding other species, suggesting 
that these C4 species can compete successfully with C3 in the cold.   
In Chapter 2, chilling tolerance in M. × giganteus is correlated with increased 
transcription of genes encoding chloroplast proteins. These same genes are down-regulated in the 
chilling-sensitive species Zea mays.  In addition, transcripts for key proteins of carbon 
metabolism, phosphoenolpyruvate pi dikinase (PPDK), ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) and Rubisco activase are maintained. Chapter 3 shows that 
there is variation in chilling tolerance across three accessions of Miscanthus sinensis, 
corresponding with latitude and climate at the site of origin. This pattern of chilling tolerance 
suggests that C4 photosynthesis evolving in tropical or sub-tropical regions from C3 ancestors has 
adapted the C4 photosynthetic apparatus into tolerating cooler and cooler climates.  In M. sinensis 
from Japan, this adaptation is associated with increasing or maintaining high levels of PPDK and 
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Rubisco along with maintained operating efficiency of electron transport from PSII (ΦPSII).  It 
would be interesting to determine whether variation in chilling tolerance in these accessions also 
correlates with increased or maintained transcription of the same chloroplast and carbon 
metabolism genes found to correspond with chilling tolerance in M. × giganteus in Chapter 2.  
This seems probable since the same response in gene transcription is seen in chilling tolerant C3 
species. Presumably, chilling tolerance evolved within both photosynthetic types by similar 
mechanisms since C4 species have C3 ancestry.   Application of these findings would be to target 
these genes by a transgenic approach aimed at engineering a more chilling-tolerant C4 crop, like 
Z. mays, that would have an extended growing season and potentially greater yields.  Key next 
steps would be 1) to understand the dynamics of transcriptome change during acclimation to 
identify potential transcription factors, 2) to transgenically up-regulate PPDK to test a direct 
connections between the observed up-regulation and capacity for photosynthesis in chilling, and 
3) to understand what elements in the gene promoter regions cause an up-regulation in chilling 
rather than the down-regulation observed in most C4 species.   
Chapter 4 examines a phosphoenolpyruvate carboxykinase (PEP-CK) type C4 species, 
Spartina pectinata, for increased chilling tolerance in comparison to M. × giganteus.  Spartina 
species have the most northern distribution of all C4 plants and this has been attributed to the 
PEP-CK pathway, which generates PEP in the bundle sheath, via decarboxylation, potentially 
avoiding the need for PPDK. However, the present study challenges this theory. Although they 
contain the same amount of PPDK, S. pectinata is more chilling-tolerant than M. × giganteus. In 
addition, during chilling, PPDK increases in S. pectinata as it does in M. × giganteus. Further, 
neither species show a reduction in Rubisco as seen in Z. mays.  This indicates that chilling 
tolerance in C4 photosynthesis is not species or sub-type specific and that chilling tolerance 
within these C4 species may have adapted through similar means.  The observation adds further 
evidence to the possibility that PPDK is a common element in C4 germplasm capable of 
acclimating photosynthetic capacity to chilling conditions.  Again, further research on the 
transcriptional response of S. pectinata to chilling would show whether there is a similar 
adaptation in transcriptional responses occurring in this species as well.   The practical 
implications of these results are that S. pectinata could be an important potential second-
generation biofuel crop for cool temperate climates. It is native to the United States and is 
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already known for salinity tolerance and ability to grow on marginal soils. In addition, it 
produces viable seeds making breeding improved varieties feasible and multiplication rapid.  
From these studies presented, it appears that C4 photosynthesis is not inherently limited in 
chilling climates.  Adaptation to cooler regions is possible and may follow a similar pattern as 
seen in chilling-tolerant C3 species.  Further understanding the evolutionary and acclamatory 
changes that allow these cold tolerant C4 species to maintain high photosynthetic capacity under 
chilling conditions will indicate how to engineer other C4 crops, such as maize, sorghum and 
sugarcane for colder climates or extend their growing season into periods of chilling 
temperatures.  The full potential of C4 photosynthesis may not be fully realized in cooler regions 
due to the relatively short time since their evolution from tropical and sub-tropical C3 species.  
Through investigation of C4 species that have acquired the traits necessary to achieve increased 
tolerance, it is now possible to speed the evolutionary process through selective breeding and 
transgenic approaches.  The research in this dissertation has elucidated key responses and 
components of the photosynthetic pathway that should be the focus of future investigation and 
improvements to C4 species for increased chilling tolerance. 
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LIST OF ABBREVIATIONS AND SYMBOLS USED 
 
A   Leaf rate of CO2 uptake (photosynthesis; μmol m
-2 s-1) 
A/JPSII   Number of CO2 molecules fixed per electron transferred through PSII 
Asat   Light-saturated A (μmol m
-2 s-1) 
α   Leaf absorbtance 
Ci   Intercellular [CO2] (μl 1
-1) 
ETR   Electron transport rate (μmol m -2 s-1) 
FC   Fold change 
Fm’   Maximum fluorescence during the light saturating pulse 
Fo’   Minimum fluorescence in the light 
Fs   Steady-state fluorescence in the light 
Fv’   Variable fluorescence in the light 
Fv’/Fm’   Maximum quantum efficiency of PSII 
ƒ   Fraction of absorbed quanta used by PSII 
I   Incident photon flux density (µmol m-2s-1) 
LED   Light-emitting diode 
LHCII   Light harvesting complex II 
ΦCO2,max   maximum quantum yield of CO2 assimilation 
ΦPSII   Operating efficiency of whole-chain electron transport through PSII 
gs   Stomatal conductance to water vapor (mmol m
-2 s-1) 
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NAD-ME  NAD-Malic Enzyme C4 photosynthetic sub-type 
NADP-ME  NADP-Malic Enzyme C4 photosynthetic sub-type 
NPQ   Non-photochemical quenching 
PEP   Phosphoenolpryuvate 
PEPc   Phosphoenolpyruvate carboxylase 
PEP-CK   Phosphoenolpyruvate carboxykinase  
PPDK   Pyruvate pi dikinase 
PSII   Photosystem II 
Rubisco  Ribulose-1,5-bisphosphate carboxylase/oxygenase 
qP    Photochemical quenching 
qPCR   Quantitative polymerase chain reaction 
VPD   Leaf-air vapor pressure deficit (kPa) 
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APPENDIX 
Supplementary Table 1. All transcripts found to be significantly up-regulated with a log2 fold-change ≥ 
0.70 (adj. p-value .00001). Annotations include the Agilent probe ID, MapMan bincode and 
corresponding bin name, and gene description.   
ID 
BIN 
CODE BIN NAME GENE DESCRIPTION 
LOG 
FC 
     
     
Protein         
     
A_92_P022015 29.6 protein.folding 
 760 similar to UP:FKBP1_ARATH 
(Q9LM71) Probable FKBP-type 
peptidyl-prolyl cis-trans isomerase 1, 
chloroplast precursor  (PPIase) 
(Rotamase) , partial (53%) 1.71 
A_92_P014196 29.2.2 
protein.synthesis.misc ribososomal 
protein 
 UP|Q5SBH9 MAIZE (Q5SBH9) 
Ribosomal protein S13, complete 1.42 
A_92_P026815 
29.5.11.04.0
3.02 
protein.degradation.ubiquitin.E3.SCF.FB
OX 
 1392 similar to 
UP:Q9M648_ARATH (Q9M648) 
FKF1 (Adagio 3), partial (56%) 1.40 
A_92_P015985 
29.5.11.04.0
3.02 
protein.degradation.ubiquitin.E3.SCF.FB
OX 
ACG28353 tubby-like protein [Zea 
mays]                 1.39 
A_92_P031433 29.4 protein.postranslational modification 
 1363 homologue to 
UP:SAPK3_ORYSA (Q75V63) 
Serine:threonine-protein kinase 
SAPK3  (Osmotic stress:abscisic 
acid-activated protein kinase 3) 
(Protein kinase REK) , partial (98%) 1.35 
A_92_P025065 29.4 protein.postranslational modification 
 1344 similar to 
GB:BAC05575.1:21902025:AP0033
32 protein phosphatase 2C-like 
protein (Oryza sativa (japonica 
cultivar-group)), partial (22%) 1.34 
A_92_P012825 29.4 protein.postranslational modification 
 660 similar to 
PRF:NP_568174.1:18415301:NP_5
68174 protein phosphatase 2C 
family protein : PP2C family protein 
(Arabidopsis thaliana), partial (31%) 1.32 
A_92_P032260 29.3.99 protein.targeting.unknown 
 823 similar to UP:Q8W156_BRAOL 
(Q8W156) Deoxycytidine 
deaminase, partial (96%) 1.16 
A_92_P013317 29.1 protein.aa activation 
 1778 similar to 
UP:Q9LJE2_ARATH (Q9LJE2) 
Lysyl-tRNA synthetase, partial 
(72%) 1.14 
A_92_P014013 29.2.1.99 
protein.synthesis.chloroplast/mito - 
plastid ribosomal protein.unknown 
 1968 UP:RR18_MAIZE (P25459) 
Chloroplast 30S ribosomal protein 
S18, complete 0.97 
A_92_P033249 29.5 protein.degradation 
 632 similar to UP:Q8RY11_ARATH 
(Q8RY11) AT3g05350:T12H1_32, 
partial (20%), aminopeptidase 0.96 
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Supplementary Table 1 (cont.) 
ID 
BIN 
CODE BIN NAME GENE DESCRIPTION 
LOG 
FC 
A_92_P020018 29.5 protein.degradation 
 862 weakly similar to 
UP:CBPY_SCHPO (O13849) 
Carboxypeptidase Y precursor  
(CPY) , partial (6%) 0.96 
A_92_P004906 29.4 protein.postranslational modification 
711 similar to 
PRF:NP_568174.1:18415301:NP_5
68174 protein phosphatase 2C 
family protein : PP2C family protein 
(Arabidopsis thaliana), partial (33%) 0.95 
A_92_P018510 29.5 protein.degradaton 
 780 similar to UP:Q8RY11_ARATH 
(Q8RY11) AT3g05350:T12H1_32, 
partial (16%) 0.93 
A_92_P034180 29.5.11 protein.degradation.ubiquitin 
 1466 weakly similar to 
UP:Q8VWY0_CUCSA (Q8VWY0) 
Ubiquitin-like protein, partial (87%) 0.91 
A_92_P020783 29.3.99 protein.targeting.unknown 
 982 similar to UP:Q8W156_BRAOL 
(Q8W156) Deoxycytidine 
deaminase, partial (96%) 0.91 
A_92_P019516 29.2.1.99 
protein.synthesis.chloroplast/mito - 
plastid ribosomal protein.unknown 
 811 similar to UP:RK29_MAIZE 
(Q9SWI6) 50S ribosomal protein 
L29, chloroplast precursor, complete 0.91 
A_92_P021629 29.5.03 protein.degradation.cysteine protease 
 1069 similar to 
UP:Q6H7E6_ORYSA (Q6H7E6) 
PRLI-interacting factor N-like, partial 
(39%) 0.88 
A_92_P026007 29.4 protein.postranslational modification 
 1738 similar to 
PRF:NP_195770.1:15240999:NP_1
95770 mitochondrial substrate 
carrier family protein (Arabidopsis 
thaliana), partial (71%) 0.85 
A_92_P006260 29.4 protein.postranslational modification 
1869 similar to UP:SPR1_YEAST 
(P32603) Sporulation-specific 
glucan 1,3-beta-glucosidase 
precursor  (Exo-1,3-beta-glucanase) 
, partial (4%) 0.85 
A_92_P010355 29.4 protein.postranslational modification 
 744 similar to UP:Q6L5C4_ORYSA 
(Q6L5C4) Protein phosphatase 2C, 
partial (34%) 0.85 
A_92_P000461 29.2.3 protein.synthesis.initiation 
 943 similar to 
PRF:NP_566333.1:18398225:NP_5
66333 elongation factor P (EF-P) 
family protein (Arabidopsis thaliana), 
partial (54%) 0.85 
A_92_P031429 29.4 protein.postranslational modification 
 1500 similar to 
UP:Q84VY2_ARATH (Q84VY2) 
At2g30500, partial (17%) 0.84 
A_92_P041139 29.2.1.1 
protein.synthesis.chloroplast/mito - 
plastid ribosomal protein.plastid 
NP_200203 ribosomal protein L11 
methyltransferase-related 
[Arabidopsis thaliana] 0.79 
A_92_P029287 29.2.1.99 
protein.synthesis.chloroplast/mito - 
plastid ribosomal protein.plastid 
 2906 UP:RK16_MAIZE (P08528) 
Chloroplast 50S ribosomal protein 
L16, partial (98%) 0.77 
 94 
 
Supplementary Table 1 (cont.) 
ID 
BIN 
CODE BIN NAME GENE DESCRIPTION 
LOG 
FC 
A_92_P018384 29.2.1.1 
protein.synthesis.chloroplast/mito - 
plastid ribosomal protein.plastid 
NP_193746 PTAC14 (PLASTID 
TRANSCRIPTIONALLY ACTIVE14) 
[Arabidopsis thaliana] 0.76 
A_92_P026877 29.4 protein.postranslational modification 
 687 weakly similar to 
PRF:NP_680566.2:42570054:NP_6
80566 mitochondrial substrate 
carrier family protein (Arabidopsis 
thaliana), partial (23%) 0.75 
A_92_P028460 29.5.03 protein.degradation.cysteine protease 
 800 similar to PIR:F96767:F96767 
proteinase IV F2P9.14 [imported] 
(Arabidopsis thaliana), partial (26%) 0.74 
A_92_P025987 
29.5.11.04.0
2 protein.degradation.ubiquitin.E3.RING 
 2401 homologue to 
UP:Q8VX27_MAIZE (Q8VX27) 
Inwardly rectifying potassium 
channel, complete 0.74 
A_92_P031457 29.6 protein.folding 
2214 UP:CH62_MAIZE (Q43298) 
Chaperonin CPN60-2, mitochondrial 
precursor (HSP60-2), complete 0.74 
A_92_P038554 29.6 protein.folding 
 1220 similar to UP:FKBP2_ARATH 
(O22870) Probable FKBP-type 
peptidyl-prolyl cis-trans isomerase 2, 
chloroplast precursor  (PPIase) 
(Rotamase) , partial (66%) 0.74 
A_92_P004781 29.4 protein.postranslational modification 
 1676 similar to 
GB:BAB64200.1:15408804:AP0032
66 serine:threonine protein kinase-
like protein (Oryza sativa (japonica 
cultivar-group)), partial (87%) 0.72 
A_92_P008135 29.2.1.99 
protein.synthesis.chloroplast/mito - 
plastid ribosomal protein.plastid 
 963 similar to UP:RK21_ARATH 
(P51412) 50S ribosomal protein 
L21, chloroplast precursor (CL21), 
partial (51%) 0.72 
A_92_P015141 29.6 protein.folding 
 837 similar to 
GB:AAO64777.1:29028796:BT0058
42 At3g60210 (Arabidopsis 
thaliana), partial (65%), chloroplast 
chaperonin 10 0.72 
A_92_P031646 29.1 protein.aa activation 
 1919 UP:O82110_MAIZE (O82110) 
Seryl-tRNA synthetase  (Fragment) , 
complete 0.72 
A_92_P019676 29.4 protein.postranslational modification 
 1553 similar to 
PRF:NP_193883.2:30685465:NP_1
93883 transducin family protein : 
WD-40 repeat family protein 
(Arabidopsis thaliana), partial (59%) 0.71 
A_92_P025466 29.2.1.1 
protein.synthesis.chloroplast/mito - 
plastid ribosomal protein.unknown 
1607 similar to 
GB:AAM65771.1:21593804:AY0882
30 ribosomal protein S1 
(Arabidopsis thaliana), partial (77%) 0.70 
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Regulation of Transcription     
     
A_92_P027487 27.3.24 
RNA.regulation of transcription.MADS 
box transcription factor family 
NP_001104927 MADS box protein 3 
[Zea mays] 1.40 
A_92_P026770 27.2 RNA.transcription 
 2107 UP:Q8RWR8_MAIZE 
(Q8RWR8) Sigma factor protein, 
complete 1.38 
A_92_P040597 27.3.99 
RNA.regulation of 
transcription.unclassified 
 gb|U42796.1|ZMU42796 Zea mays 
18S ribosomal RNA gene, partial 
sequence, partial (19% 1.26 
A_92_P015185 27.3.99 
RNA.regulation of 
transcription.unclassified 
 921 similar to 
GB:BAD38854.1:51571875:AB1890
38 pseudo-response regulator 1 
(Oryza sativa (japonica cultivar-
group)), partial (42%) 1.18 
A_92_P021467 27.3.67 
RNA.regulation of transcription.putative 
DNA-binding protein 
ACG26686 LHY protein [Zea mays]    
late elongated hypocotyl possible 
affects circadian clock- flowering 
independent of photoperiod DNA 
binding              1.17 
A_92_P017343 27.3.99 
RNA.regulation of 
transcription.unclassified 
ACG43211 two-component 
response regulator-like PRR95 [Zea 
mays]                  1.15 
A_92_P004858 27.3.67 
RNA.regulation of transcription.putative 
DNA-binding protein 
 1651 UP:RPOA_MAIZE (P09562) 
DNA-directed RNA polymerase 
alpha chain  (PEP) (Plastid-encoded 
RNA polymerase alpha subunit) 
(RNA polymerase alpha subunit) , 
complete 1.09 
A_92_P022439 27.3.57 
RNA.regulation of 
transcription.JUMONJI family 
 1605 similar to 
UP:Q6YVS8_ORYSA (Q6YVS8) N-
acetyltransferase and Transcription 
factor-like protein, partial (85%) 1.09 
A_92_P024541 27.3.99.01 
RNA.regulation of 
transcription.chloroplast 
 emb|Z00028.1|CHZMRRNA Zea 
mays chloroplast rRNA-operon, 
partial (11%) 1.08 
A_92_P014527 27.3.99 
RNA.regulation of 
transcription.unclassified 
 893 homologue to 
UP:PRR1_ORYSA (Q689G9) Two-
component response regulator-like 
PRR1 (Pseudo-response regulator 
1) (OsPRR1), partial (25%) 1.04 
A_92_P000917 27.3.55 RNA.regulation of transcription.HDA 
 similar to UP|Q30DN4 ORYSA 
(Q30DN4) Hd1, partial (26%) 1.00 
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A_92_P022411 27.3.99 
RNA.regulation of 
transcription.unclassified 
 1245 weakly similar to 
PRF:NP_974703.1:42573213:NP_9
74703 mitochondrial transcription 
termination factor-related : mTERF-
related (Arabidopsis thaliana), 
partial (43%) 0.97 
A_92_P021253 27.3.99 
RNA.regulation of 
transcription.unclassified 
 1109 similar to 
PRF:NP_973859.1:42571537:NP_9
73859 zinc finger (C3HC4-type 
RING finger) family protein 
(Arabidopsis thaliana), partial (39%) 0.96 
A_92_P040904 27.3.12 
RNA.regulation of transcription.C3H zinc 
finger family 
 1870 similar to 
UP:Q9FU27_ORYSA (Q9FU27) 
CCCH-type zinc finger protein-like, 
partial (73%) 0.93 
A_92_P006302 27.3.69 
RNA.regulation of transcription.SET-
domain transcriptional regulator family 
 961 similar to UP:Q6STH5_ARATH 
(Q6STH5) [4Fe-4S] cluster 
assembly factor, partial (48%) 0.92 
A_92_P032122 27.3.07 
RNA.regulation of 
transcription.C2C2(Zn) CO-like, 
Constans-like zinc finger family 
ACG35514 zinc finger protein 
CONSTANS-LIKE 16 [Zea mays]                  0.89 
A_92_P003160 27.3.69 
RNA.regulation of transcription.SET-
domain transcriptional regulator family 
 901 homologue to 
UP:Q7XHS1_ORYSA (Q7XHS1) 
2Fe-2S iron-sulfur cluster protein-
like, partial (60%) 0.77 
A_92_P001197 27.3.65 
RNA.regulation of 
transcription.Polycomb Group (PcG) 
 782 similar to 
GB:CAD35362.1:21535744:ATH490
171 FK506 binding protein 1 
(Arabidopsis thaliana), partial (48%) 0.77 
A_92_P031312 27.3.44 
RNA.regulation of 
transcription.Chromatin Remodeling 
Factors 
BAC84084 putative SNF2 
domain/helicase domain-containing 
protein [Oryza sativa Japonica 
Group]                 0.74 
A_92_P009406 27.3.25 
RNA.regulation of transcription.MYB 
domain transcription factor family 
 818 similar to 
PRF:NP_027544.1:18395562:NP_0
27544 myb family transcription 
factor (Arabidopsis thaliana), partial 
(14%) 0.73 
A_92_P041279 27.3.69 
RNA.regulation of transcription.SET-
domain transcriptional regulator family 
2436 UP:Q8L821_MAIZE (Q8L821) 
SET domain-containing protein 
SET118, complete 0.71 
     
     
RNA Processing       
     
A_92_P041988 27.1 RNA.processing 
ACG27691 ribonucleoprotein [Zea 
mays]                 0.99 
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A_92_P025875 27.1.1 RNA.processing.splicing 
 1536 similar to UP:O81126_ARATH 
(O81126) 9G8-like SR protein 
(RSZp22 splicing factor), partial 
(69%) 0.94 
A_92_P030730 27.1 RNA.processing 
 2076 similar to 
UP:Q6NQ85_ARATH (Q6NQ85) 
At4g09730 (MRNA, complete cds, 
clone: RAFL21-78-P15) (MRNA, 
complete cds, clone: RAFL21-86-
L24) (MRNA, complete cds, clone: 
RAFL22-33-K01), partial (68%) 0.93 
A_92_P025198 27.1 RNA.processing 
 2067 similar to 
UP:Q6L724_HORVU (Q6L724) 
ATP-dependent RNA helicase, 
partial (66%) 0.76 
A_92_P002168 27.1 RNA.processing 
 804 UP:Q64HC3_MAIZE (Q64HC3) 
ASF:SF2-like pre-mRNA splicing 
factor SRP32, partial (18%) 0.73 
     
     
TCA         
     
A_92_P033332 8.1.01.02 
TCA / org. transformation.TCA.pyruvate 
DH.E2 
 1771 similar to 
UP:Q9LUA6_ARATH (Q9LUA6) 
Dihydrolipoamide S-
acetyltransferase, partial (73%) 0.72 
     
     
Transport         
     
A_92_P031545 34.19.2 transport.Major Intrinsic Proteins.TIP 
 1305 homologue to 
UP:Q9ATL5_MAIZE (Q9ATL5) 
Tonoplast membrane integral 
protein ZmTIP4-2, complete 1.67 
A_92_P014071 34.99 transport misc 
 1447 similar to 
UP:Q9M5P1_ORYSA (Q9M5P1) 
Secretory carrier membrane protein, 
partial (96%) 1.22 
A_92_P004977 34.18 transport.unspecified anions 
 similar to UP|Q2QS63 ORYSA 
(Q2QS63) CLC-d chloride channel; 
anion channel protein, partial (18%) 1.20 
A_92_P000665 34.7 transport.phosphate 
 492 similar to 
PRF:NP_197538.2:42567984:NP_1
97538 transporter-related 
(Arabidopsis thaliana), partial (11%) 1.05 
A_92_P041862 34.15 transport.potassium 
 2373 similar to 
UP:Q9LQ76_ARATH (Q9LQ76) 
T1N6.21 protein, partial (96%), K 
efflux antiporter 1 0.97 
A_92_P031659 34.12 transport.metal 
ACG39262 zinc transporter 4 [Zea 
mays] 0.96 
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A_92_P003712 34.15 transport.potassium 
 955 similar to UP:Q9LQ76_ARATH 
(Q9LQ76) T1N6.21 protein, partial 
(32%) 0.94 
A_92_P024704 34.16 
transport.ABC transporters and 
multidrug resistance systems 
 770 similar to UP:Q9CH68_LACLA 
(Q9CH68) ABC transporter 
permease protein, partial (4%) 0.89 
A_92_P025776 34.15 transport.potassium 
XP_002320781 potassium efflux 
antiporter [Populus trichocarpa] 0.88 
A_92_P026571 34.16 
transport.ABC transporters and 
multidrug resistance systems 
ABA94465 ABC transporter, 
putative, expressed [Oryza sativa 
(japonica cultivar-group)]                0.83 
A_92_P034631 34.12 transport.metal 
 836 similar to UP:Q94IM5_HORVU 
(Q94IM5) P-type ATPase 
(Fragment), partial (44%) 0.80 
A_92_P023563 34.9 
transport.metabolite transporters at the 
mitochondrial membrane 
 1602 similar to 
UP:Q6YVE7_ORYSA (Q6YVE7) 
Mitochondrial aspartate-glutamate 
carrier protein-like, partial (97%) 0.79 
A_92_P009918 34.3 transport.amino acids 
 2024 similar to 
PRF:NP_850361.1:30688867:NP_8
50361 amino acid transporter family 
protein (Arabidopsis thaliana), 
partial (79%) 0.79 
     
     
Signalling         
     
A_92_P010280 30.5 signalling.G-proteins 
 weakly similar to UP|ROGF2 
ARATH (Q9LQ89) Rop guanine 
nucleotide exchange factor 2 
(RopGEF2), partial (38%) 1.30 
A_92_P039544 30.5 signalling.G-proteins 
 1323 homologue to 
UP:Q68HC1_WHEAT (Q68HC1) 
Rab GTP-binding protein, complete 0.94 
A_92_P020329 30.5 signalling.G-proteins 
 1445 homologue to 
UP:Q68HC1_WHEAT (Q68HC1) 
Rab GTP-binding protein, complete 0.92 
A_92_P035301 30.5 signalling.G-proteins 
 1534 similar to 
UP:Q7EZC9_ORYSA (Q7EZC9) 
Nucleolar GTP-binding protein 1-
like, partial (80%) 0.87 
A_92_P030885 30.2.3 
signalling.receptor kinases.leucine rich 
repeat III 
 2422 UP:O81105_MAIZE (O81105) 
Leucine-rich repeat transmembrane 
protein kinase 1 (Fragment), 
complete 0.79 
     
     
DNA Processing       
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A_92_P038437 28.2 DNA.repair 
 1371 similar to 
UP:Q9LJK7_ARATH (Q9LJK7) DNA 
repair protein RAD54-like, partial 
(25%) 0.95 
A_92_P034364 28.2 DNA.repair 
 1511 UP:R51A1_MAIZE (Q67EU8) 
DNA repair protein RAD51 homolog 
A (Rad51-like protein A) (RAD51A) 
(ZmRAD51a), complete 0.92 
A_92_P038646 28.1.1 
DNA.synthesis/chromatin 
structure.retrotransposon/transposase 
ABA93737 retrotransposon protein, 
putative, Ty1-copia subclass [Oryza 
sativa (japonica cultivar-group)]                 0.90 
A_92_P008754 28.2 DNA.repair 
 1375 weakly similar to 
UP:Q5H794_ARATH (Q5H794) 
AtRAD51Balpha protein, partial 
(62%) 0.90 
A_92_P010166 28.99 DNA.unspecified 
 1404 similar to 
PRF:NP_566318.1:18398046:NP_5
66318 3  exoribonuclease family 
domain 1-containing protein 
(Arabidopsis thaliana), complete 0.88 
A_92_P033224 28.1 DNA.synthesis/chromatin structure 
 989 similar to UP:Q9FT74_ARATH 
(Q9FT74) DNA Helicase, partial 
(38%) 0.77 
A_92_P040510 28.1 DNA.synthesis/chromatin structure 
719 similar to UP:Q6UEJ2_PEA 
(Q6UEJ2) Mini-chromosome 
maintenance 7, partial (17%) 0.76 
     
     
Nucleotide 
Metabolism       
     
A_92_P029107 23.1.2.20 
nucleotide 
metabolism.synthesis.purine.adenyosuc
cinate synthase 
 1365 similar to 
PDB:1DJ3_A:7546404:1DJ3_A 
Chain A, Structures Of 
Adenylosuccinate Synthetase From 
And Arabidopsis Thaliana. (Triticum 
aestivum), partial (90%) 0.82 
A_92_P031851 23.4.99 
nucleotide metabolism.phosphotransfer 
and pyrophosphatases.misc 
 1311 UP:P93410_ORYSA 
(P93410) Vacuolar H+-
pyrophosphatase  (Ovp2) , partial 
(40%) 0.75 
     
     
Stress         
     
A_92_P025901 20.1 stress.biotic 
 1668 similar to 
PRF:NP_195579.2:30692042:NP_1
95579 pathogenesis-related 
thaumatin family protein 
(Arabidopsis thaliana), partial (74%) 1.88 
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A_92_P015451 20 stress 
 999 similar to UP:Q5ZBH4_ORYSA 
(Q5ZBH4) Myc-regulated DEAD:H 
box 18 RNA helicase-like, partial 
(35%) 1.55 
A_92_P001677 20.1 stress.biotic 
 1463 similar to 
PRF:NP_195579.2:30692042:NP_1
95579 pathogenesis-related 
thaumatin family protein 
(Arabidopsis thaliana), partial (74%) 1.49 
A_92_P010408 20.2.99 stress.abiotic.unspecified 
 1351 similar to 
UP:Q9ZTR5_HORVU (Q9ZTR5) 
Dehydrin 6, partial (28%) 1.42 
A_92_P009280 20.2.2 stress.abiotic.cold 
 similar to 
GB|AAK82513.1|15081717|AY0482
51 At2g37220/F3G5.1 {Arabidopsis 
thaliana} (exp=-1; wgp=0; cg=0), 
partial (43%), poly(U) binding, RNA 
binding, nucleic acid binding, 
response to cold 1.35 
A_92_P004714 20.2.2 stress.abiotic.cold 
 2308 similar to 
UP:Q69JW8_ORYSA (Q69JW8) 
Loricrin-like protein, partial (46%) 1.15 
A_92_P041455 20.2.5 stress.abiotic.light 
 1955 similar to 
PRF:NP_566520.1:18400841:NP_5
66520 6-4 photolyase (UVR3) 
(Arabidopsis thaliana), partial (76%), 
UVB repair 1.15 
A_92_P019347 20 stress 
 700 similar to UP:Q5ZBH4_ORYSA 
(Q5ZBH4) Myc-regulated DEAD:H 
box 18 RNA helicase-like, partial 
(24%) 1.04 
A_92_P006553 20.2.1 stress.abiotic.heat 
 905 similar to UP:Q6Z7B3_ORYSA 
(Q6Z7B3) Heat shock factor protein 
hsf8-like, partial (35%) 0.97 
A_92_P012975 20.2.5 stress.abiotic.light 
 734 homologue to 
UP:Q5N797_ORYSA (Q5N797) 
UVB-resistance protein UVR8-like, 
partial (91%) 0.94 
A_92_P008038 20.2.1 stress.abiotic.heat 
 1461 similar to 
UP:Q6EPX0_ORYSA (Q6EPX0) 
Chaperone protein dnaJ-related-like, 
partial (84%) 0.87 
A_92_P025174 20.2.5 stress.abiotic.light 
 836 homologue to 
UP:Q5N797_ORYSA (Q5N797) 
UVB-resistance protein UVR8-like, 
complete 0.86 
A_92_P028434 20.2.1 stress.abiotic.heat 
1028 homologue to 
UP:Q43638_SECCE (Q43638) 
Heat-shock protein precursor, partial 
(33%) 0.71 
     
     
Hormone Metabolism       
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A_92_P012734 17.8 hormone metabolism.salicylic acid 
 889 weakly similar to 
UP:ICS_CATRO (Q9ZPC0) 
Isochorismate synthase, chloroplast 
precursor  , partial (16%), 
synthesize salicylic acid for defense 1.35 
A_92_P026121 17.5.3 
hormone metabolism.ethylene.induced-
regulated-responsive-activated 
 1875 similar to 
UP:Q5MFV3_ORYSA (Q5MFV3) 
BTH-induced ERF transcriptional 
factor 1, partial (36%) 
benzothiadiazole( BTH )- induced 
ethylene responsive transcriptional 
factors 1.14 
A_92_P027654 17.1.2 
hormone metabolism.abscisic 
acid.signal transduction 
 587 similar to UP:PRR95_ORYSA 
(Q689G6) Two-component 
response regulator-like PRR95 
(Pseudo-response regulator 95) 
(OsPRR95), partial (27%) 1.06 
A_92_P031740 17.1.2 
hormone metabolism.abscisic 
acid.signal transduction 
 818 similar to UP:PRR95_ORYSA 
(Q689G6) Two-component 
response regulator-like PRR95 
(Pseudo-response regulator 95) 
(OsPRR95), partial (17%) 1.02 
A_92_P035267 17.1.2 
hormone metabolism.abscisic 
acid.signal transduction 
 1524 similar to UP:PRR95_ORYSA 
(Q689G6) Two-component 
response regulator-like PRR95 
(Pseudo-response regulator 95) 
(OsPRR95), partial (52%) 1.01 
A_92_P025367 17.1.2 
hormone metabolism.abscisic 
acid.signal transduction 
 745 similar to 
PRF:NP_973703.1:42571259:NP_9
73703 pseudo-response regulator 9 
(APRR9) : timing of CAB expression 
1-like protein (TL1) (Arabidopsis 
thaliana), partial (15%) 0.92 
A_92_P035854 17.1.2 
hormone metabolism.abscisic 
acid.signal transduction 
 4249 UP:RPOB_MAIZE (P16023) 
DNA-directed RNA polymerase beta 
chain  (PEP) (Plastid-encoded RNA 
polymerase beta subunit) (RNA 
polymerase beta subunit) , complete 0.76 
     
     
Secondary 
Metabolism       
     
A_92_P006173 16.7 secondary metabolism.wax 
 2405 similar to 
UP:O04693_ORYSA (O04693) 
Glossy1 homolog (Fragment), partial 
(94%) 1.44 
A_92_P020451 16.8.4 
secondary 
metabolism.flavonoids.flavonols 
 1475 similar to 
UP:Q5JM91_ORYSA (Q5JM91) 
Ripening-related protein-like, partial 
(95%) 1.02 
A_92_P027353 16.1.4 
secondary 
metabolism.isoprenoids.carotenoids 
 1623 UP:Q6EI12_MAIZE (Q6EI12) 
Phytoene synthase 2, complete 0.99 
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A_92_P027411 16.7 secondary metabolism.wax 
 2406 similar to 
UP:O04693_ORYSA (O04693) 
Glossy1 homolog (Fragment), partial 
(88%) 0.95 
A_92_P029992 16.7 secondary metabolism.wax 
 2195 UP:Q6RBX9_MAIZE 
(Q6RBX9) Glossy1 protein, 
complete 0.90 
A_92_P004456 16.2.1.05 
secondary 
metabolism.phenylpropanoids.lignin 
biosynthesis.C3H 
 1299 weakly similar to 
UP:Q9LFB5_ARATH (Q9LFB5) 
Anthranilate N-benzoyltransferase-
like protein (AT5g01210:F7J8_190), 
partial (39%) 0.89 
A_92_P018149 16.1.4 
secondary 
metabolism.isoprenoids.carotenoids 
 1655 Zea mays phytoene synthase 
(Y1) gene, complete cds 0.89 
A_92_P041371 16.8.2 
secondary 
metabolism.flavonoids.chalcones 
ACG35950 chalcone isomerase 
[Zea mays]                 0.87 
A_92_P025926 16.8.3 
secondary 
metabolism.flavonoids.dihydroflavonols 
 1474 weakly similar to 
GB:AAT85328.1:50881483:AC0916
70 UDP-glucoronosyl and UDP-
glucosyl transferase domain 
containing protein (Oryza sativa 
(japonica cultivar-group)), partial 
(24%) 0.82 
A_92_P028365 16.1.1 
secondary metabolism.isoprenoids.non-
mevalonate pathway 
 1849 homologue to 
UP:Q8W250_ORYSA (Q8W250) 1-
deoxy-D-xylulose 5-phosphate 
reductoisomerase precursor  , 
partial (94%) 0.73 
A_92_P038053 16.1.4 
secondary 
metabolism.isoprenoids.carotenoids 
 2196 UP:CRTI_MAIZE (P49086) 
Phytoene dehydrogenase, 
chloroplast precursor  (Phytoene 
desaturase) , complete 0.72 
     
     
Amino Acid 
Metabolism       
     
A_92_P017581 13.2.3.5 
amino acid 
metabolism.degradation.aspartate 
family.lysine  2871 acetoacetyl CoA thiolase 1.07 
A_92_P006156 13.1.1.3 
amino acid metabolism.synthesis.central 
amino acid metabolism.alanine 
 1235 homologue to 
UP:O82443_MAIZE (O82443) 
Alanine aminotransferase  , partial 
(60%) 0.91 
A_92_P029838 13.1.1.3 
amino acid metabolism.synthesis.central 
amino acid metabolism.alanine 
 818 homologue to 
UP:O82443_MAIZE (O82443) 
Alanine aminotransferase  , partial 
(39%) 0.83 
A_92_P011008 13.1.6.5 
amino acid 
metabolism.synthesis.aromatic 
aa.tryptophan 
 777 similar to UP:Q5PP33_ARATH 
(Q5PP33) At5g19500, partial (20%) 0.80 
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N-Metabolism       
     
A_92_P025617 12.2.01 
N-metabolism.ammonia 
metabolism.glutamate synthase 
 2311 homologue to 
UP:Q9ZNX7_ORYSA (Q9ZNX7) 
NADH dependent Glutamate 
Synthase precursor  , partial (31%) 0.76 
     
     
Lipid Metabolism       
     
A_92_P015609 11.9.2 
lipid metabolism.lipid 
degradation.lipases 
 1918 homologue to 
UP:Q6ZLH2_ORYSA (Q6ZLH2) 
Lipase-like protein, partial (89%) 1.11 
A_92_P012132 11.3 lipid metabolism.Phospholipid synthesis 
ABF83429 S-adenosyl-L-
methionine: phosphoethanolamine 
N-methyltransferase [Zea mays] 1.07 
A_92_P007417 11.2.03 
lipid metabolism.FA desaturation.omega 
3 desaturase 
ACG28208 omega-3 fatty acid 
desaturase [Zea mays]                 1.04 
A_92_P018620 11.9.3 
lipid metabolism.lipid 
degradation.lysophospholipases 
 955 similar to 
UP:Q6DW08_MEDSA (Q6DW08) 
GMPase, partial (48%) 0.99 
A_92_P021497 11.1.06 
lipid metabolism.FA synthesis and FA 
elongation.enoyl ACP reductase 
ACG42145 enoyl-[acyl-carrier-
protein] reductase [NADH] [Zea 
mays]                  0.97 
A_92_P019173 11.3 lipid metabolism.Phospholipid synthesis 
 2320 similar to 
UP:Q8VYX1_WHEAT (Q8VYX1) 
Phosphoethanolamine 
methyltransferase, partial (98%) 0.97 
A_92_P022841 11.1.08 
lipid metabolism.FA synthesis and FA 
elongation.acyl coa ligase 
AAX93005 probable acyl-CoA 
synthetase, 62297-59022 [imported] 
- Arabidopsis thaliana [Oryza sativa 
(japonica cultivar-group)]                 0.74 
     
     
Cell Wall         
     
A_92_P006369 10.5.2 
cell wall.cell wall proteins.proline rich 
proteins 
 380 weakly similar to 
UP:Q41122_PHAVU (Q41122) 
Proline-rich protein precursor, partial 
(8%) 1.50 
A_92_P033798 10.5.3 cell wall.cell wall proteins.LRR 
 748 weakly similar to 
UP:Q5GMM0_CAPCH (Q5GMM0) 
Extensin-like protein, partial (74%) 1.32 
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A_92_P011124 10.6.3 
cell wall.degradation.pectate lyases and 
polygalacturonases 
ACG36195 2,3-
bisphosphoglycerate-independent 
phosphoglycerate mutase [Zea 
mays]                 0.95 
     
     
Chloroplast       
     
A_92_P024404 1.05.03 PS.chloroplast.biogenesis 
 776 similar to UP:Q8RX79_ARATH 
(Q8RX79) AT3g62910:T20O10_10 
(Chloroplast Release Factor 1), 
partial (32%) 1.17 
A_92_P003033 1.05.03 PS.chloroplast.biogenesis 
 950 similar to 
PRF:NP_564544.1:18402618:NP_5
64544 cytochrome c biogenesis 
protein family (Arabidopsis thaliana), 
partial (37%) 0.97 
A_92_P014384 1.05.02 PS.chloroplast.protein 
2211 PIR:S58532:S58532 matK 
protein (trnK intron) - maize 
chloroplast (Zea mays), complete 0.86 
A_92_P026796 1.05.02 PS.chloroplast.protein 
 2211 PIR:S58532:S58532 matK 
protein (trnK intron) - maize 
chloroplast (Zea mays), complete 0.82 
A_92_P021461 1.05.02 PS.chloroplast.protein 
 2211 PIR:S58532:S58532 matK 
protein (trnK intron) - maize 
chloroplast (Zea mays), complete 0.81 
A_92_P038661 1.05.02 PS.chloroplast.protein 
 2211 PIR:S58532:S58532 matK 
protein (trnK intron) - maize 
chloroplast (Zea mays), complete 0.81 
A_92_P014558 1.05.01 PS.chloroplast.transcription 
BAD81964 Chloroplast ORF70 
[Oryza sativa Japonica Group]                   0.79 
A_92_P009998 1.05.02 PS.chloroplast.protein 
2211 PIR:S58532:S58532 matK 
protein (trnK intron) - maize 
chloroplast (Zea mays), complete 0.77 
A_92_P016685 1.05.02 PS.chloroplast.protein 
 1205 similar to UP:HIS2_ARATH 
(O82768) Histidine biosynthesis 
bifunctional protein hisIE, 
chloroplast precursor [Includes: 
Phosphoribosyl-AMP cyclohydrolase  
(PRA-CH) 0.72 
A_92_P034506 1.05.02 PS.chloroplast.protein 
 2297 weakly similar to 
UP:O24293_PEA (O24293) 
Chloroplast inner envelope protein, 
110 kD (IEP110) precursor, partial 
(32%) 0.72 
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Photosystem Light Reactions     
     
A_92_P001685 1.01.05.02 
PS.lightreaction.other electron carrier 
(ox/red).ferredoxin 
ACG40210 3Fe-4S ferredoxin [Zea 
mays]                 2.73 
A_92_P000003 
1.01.01.02.0
5 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.NADH 
 901 UP:NU1C_MAIZE (P25706) 
NAD(P)H-quinone oxidoreductase 
chain 1, chloroplast  (NAD(P)H 
dehydrogenase, chain 1) (NADH-
plastoquinone oxidoreductase chain 
1) , partial (24%) 1.91 
A_92_P017012 
1.01.01.01.0
2 
PS.lightreaction.photosystem II.LHC-
II.RC 
 780 homologue to 
UP:Q8S3I9_WHEAT (Q8S3I9) D1 
protease precursor (Fragment), 
partial (44%) 1.75 
A_92_P033677 
1.01.01.02.0
6 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.thylakoid 
 924 similar to 
PRF:NP_200161.2:30696347:NP_2
00161 thylakoid lumenal 17.4 kDa 
protein, chloroplast (Arabidopsis 
thaliana), partial (69%) 1.41 
A_92_P028453 1.01.03 PS.lightreaction.cytochrome b6/f 
 699 UP:Q6L372_9POAL (Q6L372) 
Cytochrome b6 , complete 1.22 
A_92_P020911 1.01.05.03 
PS.lightreaction.other electron carrier 
(ox/red).ferredoxin reductase 
 1719 homologue to 
UP:FENR2_ORYSA (P41345) 
Ferredoxin--NADP reductase, root 
isozyme, chloroplast precursor  
(FNR) , partial (98%) 1.21 
A_92_P023933 1.01.05.03 
PS.lightreaction.other electron carrier 
(ox/red).ferredoxin reductase 
 1203 homologue to 
PIR:JA0172:JA0172 ferredoxin-
nitrite reductase  precursor - maize 
(fragment) (Zea mays) , partial 
(24%) 1.15 
A_92_P031954 
1.01.01.02.0
5 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.NADH 
2891 homologue to 
UP:NU5C_MAIZE (P46620) 
NAD(P)H-quinone oxidoreductase 
chain 5, chloroplast  (NAD(P)H 
dehydrogenase, chain 5) (NADH-
plastoquinone oxidoreductase chain 
5) , complete 1.08 
A_92_P037087 
1.01.01.02.0
5 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.NADH 
 735 UP:NU4LC_MAIZE (P11646) 
NAD(P)H-quinone oxidoreductase 
chain 4L, chloroplast  (NAD(P)H 
dehydrogenase, chain 4L) (NADH-
plastoquinone oxidoreductase chain 
4L) , complete 1.05 
A_92_P006945 1.01.04 PS.lightreaction.ATP synthase 
1600 UP:ATPA_MAIZE (P05022) 
ATP synthase alpha chain  , 
complete 1.01 
A_92_P005796 
1.01.01.02.0
4 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.O 
ACG28532  oxygen evolving 
enhancer protein 3 [Zea mays]                0.99 
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A_92_P040336 
1.01.01.02.0
3 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.RC 
3157 UP:PSBC_MAIZE (P48187) 
Photosystem II 44 kDa reaction 
center protein (P6 protein) (CP43), 
complete 0.95 
A_92_P035201 
1.01.01.01.0
7 
PS.lightreaction.photosystem II.LHC-
II.Light 
1649 UP:PSBB_MAIZE (P05641) 
Photosystem II P680 chlorophyll A 
apoprotein (CP-47 protein), 
complete 0.93 
A_92_P032975 
1.01.01.02.0
5 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.NADH 
NP_180560 NDA2 (ALTERNATIVE 
NAD(P)H DEHYDROGENASE 2); 
NADH dehydrogenase [Arabidopsis 
thaliana] 0.91 
A_92_P009104 
1.01.01.02.0
5 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.NADH 
YP_899454 NADH-plastoquinone 
oxidoreductase subunit 5 [Sorghum 
bicolor] 0.86 
A_92_P041578 
1.01.01.01.0
7 
PS.lightreaction.photosystem II.LHC-
II.Light 
 850 similar to UP:Q945R7_ORYSA 
(Q945R7) Violaxanthin de-
epoxidase precursor, partial (43%), 
nonphotochemical quenching in 
excessive light 0.86 
A_92_P019403 
1.01.01.02.0
6 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.thylakoid 
 843 similar to UP:TL15_ARATH 
(O22160) Thylakoid lumenal 15 kDa 
protein, chloroplast precursor (p15), 
partial (70%) 0.84 
A_92_P010453 
1.01.01.01.0
7 
PS.lightreaction.photosystem II.LHC-
II.Light 
NP_001105374 chlorophyll a/b-
binding apoprotein CP26 precursor 
[Zea mays] 0.81 
A_92_P010649 
1.01.01.02.0
6 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.thylakoid 
 802 similar to UP:TL215_ARATH 
(O23403) Thylakoid lumenal 21.5 
kDa protein, chloroplast precursor, 
partial (62%) 0.80 
A_92_P040737 
1.01.01.02.0
5 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.NADH 
2740 UP:NU1C_MAIZE (P25706) 
NAD(P)H-quinone oxidoreductase 
chain 1, chloroplast  (NAD(P)H 
dehydrogenase, chain 1) (NADH-
plastoquinone oxidoreductase chain 
1) , complete 0.80 
A_92_P034929 
1.01.01.02.0
5 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.NADH 
YP_874787 NADH-plastoquinone 
oxidoreductase subunit 4 [Agrostis 
stolonifera] 0.77 
A_92_P004626 
1.01.01.02.0
3 
PS.lightreaction.photosystem II.PSII 
polypeptide subunits.RC 
939 UP:PSBJ_NYMAL (Q6EW39) 
Photosystem II reaction center J 
protein, complete 0.74 
     
     
Development       
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A_92_P028746 33.99 development.unspecified 
 1637 weakly similar to 
UP:Q7X9Q6_ORYSA (Q7X9Q6) 
Embryo-specific protein, partial 
(21%) 2.42 
A_92_P034047 33.99 development.unspecified 
 1103 UP:LEA3_MAIZE (Q42376) 
Late embryogenesis abundant 
protein, group 3 (LEA), complete, 
some LEA genes respond to abiotic 
stress 1.65 
A_92_P002996 33.99 
root nodule development, 
development.unspecified 
 1372 weakly similar to 
UP:Q8W0K2_ORYSA (Q8W0K2) 
MtN3-like, partial (70%), nodulin 1.48 
A_92_P035967 33.99 development.unspecified 
 1750 UP:Q58I00_MAIZE (Q58I00) 
1-deoxy-D-xylulose 5-phosphate 
synthase 1 (Fragment), partial 
(91%), overexpressing lines showed 
an increased accumulation of MEP- 
derived plastid isoprenoids such as 
chlorophylls, carotenoids, and 
taxadiene, light response, circadian 
clock, plastid targeted in chloroplast 1.30 
A_92_P007621 33.99 development.unspecified 
 813 homologue to 
UP:LEA3_MAIZE (Q42376) Late 
embryogenesis abundant protein, 
group 3 (LEA), partial (90%) 1.26 
     
     
Cell Functions       
     
A_92_P015815 31.1 cell.organisation 
 670 similar to UP:Q9SSZ6_ORYSA 
(Q9SSZ6) Cyclin, partial (18%) 1.03 
A_92_P035079 31.1 cell.organisation 
 751 weakly similar to 
PRF:NP_191914.1:15236688:NP_1
91914 plastid-lipid associated 
protein PAP : fibrillin family protein 
(Arabidopsis thaliana), partial (58%), 
fibrillin accumulation by ab acid 
helps enhance tolerance of light 
stess-triggerd photoinhibition in PSII 1.02 
A_92_P023148 31.1 cell.organisation 
ABG21984 Cyclin, N-terminal 
domain containing protein, 
expressed [Oryza sativa (japonica 
cultivar-group)]                 0.89 
A_92_P031726 31.1 cell.organisation 
 738 similar to UP:Q5Z9S9_ORYSA 
(Q5Z9S9) Kinesin 4-like, partial 
(13%) 0.88 
A_92_P022461 31.1 cell.cycle 
 1096 weakly similar to 
PRF:NP_191871.1:15229382:NP_1
91871 cyclin family protein 
(Arabidopsis thaliana), partial (48%) 0.86 
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A_92_P019092 31.2 cell.division 
 1243 similar to UP:RRFC_SPIOL 
(P82231) Ribosome recycling factor, 
chloroplast precursor (Ribosome-
releasing factor, chloroplast) (RRF) 
(CpFrr) (RRFHCP), partial (71%) 0.79 
     
     
     
Redox         
     
A_92_P016279 21.01 redox.thioredoxin 
 1195 similar to 
GB:AAD35009.1:4973264:AF14439
1 thioredoxin-like 5 (Arabidopsis 
thaliana), partial (46%) 1.57 
A_92_P014797 21.01 redox.thioredoxin 
 1417 similar to UP:Q40230_LILLO 
(Q40230) Thioredoxin, partial (60%) 1.19 
     
     
Tetrapyrrole Biosynthesis     
     
A_92_P041889 19.14 
tetrapyrrole 
synthesis.protochlorophyllide reductase 
 1308 homologue to 
UP:PORA_WHEAT (Q41578) 
Protochlorophyllide reductase A, 
chloroplast precursor  (PCR A) 
(NADPH-protochlorophyllide 
oxidoreductase A) (POR A) , partial 
(78%) 1.34 
A_92_P036568 19.2 
tetrapyrrole synthesis.glu-tRNA 
reductase 
954 homologue to 
UP:HEM1_ORYSA (O48674) 
Glutamyl-tRNA reductase, 
chloroplast precursor  (GluTR) , 
partial (28%) 0.99 
A_92_P006618 19.2 
tetrapyrrole synthesis.glu-tRNA 
reductase 
 2136 homologue to 
UP:HEM1_ORYSA (O48674) 
Glutamyl-tRNA reductase, 
chloroplast precursor  (GluTR) , 
partial (94%) 0.98 
A_92_P009811 19.2 
tetrapyrrole synthesis.glu-tRNA 
reductase 
789 homologue to 
UP:HEM1_ORYSA (O48674) 
Glutamyl-tRNA reductase, 
chloroplast precursor  (GluTR) , 
partial (30%) 0.85 
A_92_P024338 19.10 
tetrapyrrole synthesis.magnesium 
chelatase 
CAA04526  magnesium chelatase 
subunit [Glycine max]               0.78 
     
     
C1 Metabolism       
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A_92_P034671 25 C1-metabolism 
 1016 similar to 
UP:Q6TFM2_LYCES (Q6TFM2) 
Dihydroneopterin aldolase, partial 
(91%) 1.33 
     
     
Misc.         
     
A_92_P031745 26.22 
misc.short chain 
dehydrogenase/reductase (SDR) 
 1260 similar to 
UP:Q93ZA0_ARATH (Q93ZA0) 
AT4g13250:F17N18_140, partial 
(51%) 1.71 
A_92_P041107 26.04 misc.beta 1,3 glucan hydrolases 
 1016 weakly similar to 
UP:Q45X99_9ROSA (Q45X99) 
Beta-1,3-glucanase 2, partial (18%) 1.37 
A_92_P022116 26.09 misc.glutathione S transferases 
 1133 UP:Q9FQB0_MAIZE 
(Q9FQB0) Glutathione S-
transferase GST 29  , complete 1.19 
A_92_P006949 26.22 
misc.short chain 
dehydrogenase/reductase (SDR) 
875 weakly similar to 
UP:Q93ZA0_ARATH (Q93ZA0) 
AT4g13250:F17N18_140, partial 
(29%) 1.18 
A_92_P031846 26.03 misc.gluco-, galacto- and mannosidases 
 849 similar to 
PRF:NP_193907.2:22328863:NP_1
93907 glycosyl hydrolase family 1 
protein (Arabidopsis thaliana), 
partial (13%) 1.04 
A_92_P030655 26.10 misc.cytochrome P450 
NP_190881 LUT1 (LUTEIN 
DEFICIENT 1); oxygen binding 
[Arabidopsis thaliana] 0.96 
A_92_P002479 26.11 misc.alcohol dehydrogenases 
 1424 similar to UP:Q8S411_LOLPR 
(Q8S411) Cinnamyl alcohol 
dehydrogenase, partial (92%) 0.89 
A_92_P024905 26.02 
misc.UDP glucosyl and glucoronyl 
transferases 
 756 weakly similar to 
UP:Q9SBL1_SORBI (Q9SBL1) 
UDP-glucose glucosyltransferase, 
partial (25%) 0.85 
A_92_P023173 26.03 misc.gluco-, galacto- and mannosidases 
 1320 weakly similar to 
GB:AAF70821.1:7939617:AF15442
0 beta-galactosidase (Lycopersicon 
esculentum), partial (25%) 0.85 
A_92_P011551 26.03 misc.gluco-, galacto- and mannosidases 
 1320 weakly similar to 
GB:AAF70821.1:7939617:AF15442
0 beta-galactosidase (Lycopersicon 
esculentum), partial (25%) 0.84 
A_92_P020053 26.23 misc.rhodanese 
 706 similar to UP:Q5N838_ORYSA 
(Q5N838) Rhodanese domain-
containing protein-like, partial (23%) 0.78 
A_92_P005836 26.23 misc.rhodanese 
 589 similar to UP:Q6ZI49_ORYSA 
(Q6ZI49) Rhodanese-like domain-
containing protein-like, partial (57%) 0.76 
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A_92_P028128 26.10 misc.cytochrome P450 
 583 UP:Q8VYA8_MAIZE (Q8VYA8) 
Cytochrome P450 monooxygenase 
CYP71C3v2, partial (6%) 0.75 
A_92_P023099 27.06 misc.oxidases - copper, flavone etc. 
 1306 similar to PIR:T05166:T05166 
quinone reductase homolog 
F18E5.200 (Arabidopsis thaliana), 
partial (89%) 0.74 
     
     
Minor and Major CHO Metabolism     
     
A_92_P039958 3.4.03 
minor CHO metabolism.myo-
inositol.InsP Synthases 
 2171 homologue to 
GB:AAG40328.1:11762100:AF3231
75 myo-inositol 1-phosphate 
synthase (Zea mays), complete, 
under control of circadian clock 1.50 
A_92_P030731 3.7 minor CHO metabolism.sugar kinases 
 776 similar to UP:Q4M0P2_9BURK 
(Q4M0P2) Xylulokinase, partial (3%) 1.43 
A_92_P030330 3.5 minor CHO metabolism.others 
 779 similar to 
PRF:NP_564718.2:30696124:NP_5
64718 haloacid dehalogenase-like 
hydrolase family protein 
(Arabidopsis thaliana), partial (16%) 1.21 
A_92_P041403 2.2.2.04 
major CHO 
metabolism.degradation.starch.D 
enzyme 
 1367 similar to 
UP:Q9LV91_ARATH (Q9LV91) 4-
alpha-glucanotransferase 
(AT5g64860:MXK3_9), partial (62%) 1.20 
A_92_P003267 2.2.2.01 
major CHO 
metabolism.degradation.starch.starch 
cleavage 
 1503 similar to 
UP:Q5BLY3_MALDO (Q5BLY3) 
Plastid alpha-amylase, partial (35%) 0.90 
A_92_P022813 3.8.2 
minor CHO 
metabolism.galactose.alpha-
galactosidases 
 1058 similar to 
PRF:NP_189269.2:30688284:NP_1
89269 glycosyl hydrolase family 
protein 27 : alpha-galactosidase 
family protein : melibiase family 
protein (Arabidopsis thaliana), 
partial (3%) 0.88 
     
     
Metal Handling       
     
A_92_P037563 15 metal handling 
ACG29581 selenium-binding 
protein-like [Zea mays]                  0.71 
     
     
Vitamin Metabolism       
     
A_92_P004063 18 Co-factor and vitamine metabolism 
 751 similar to UP:Q93Z45_ARATH 
(Q93Z45) At1g02880:F22D16_33, 
partial (83%) 1.01 
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A_92_P023416 18 Co-factor and vitamine metabolism 
 575 similar to UP:THIC_BACSU 
(P45740) Thiamine biosynthesis 
protein thiC, partial (13%) 0.92 
     
     
Fermentation       
     
A_92_P001553 5.10 fermentation.aldehyde dehydrogenase 
 1928 UP:Q8S532_MAIZE 
(Q8S532) Cytosolic aldehyde 
dehydrogenase RF2C, complete 0.87 
     
     
Glycolysis         
     
A_92_P003661 4.11 glycolysis.phosphoglycerate mutase 
 572 
GB:CAA83914.1:551288:ZMPHMU1 
phosphoglycerate mutase (Zea 
mays), partial (29%) 0.93 
A_92_P037596 4.13 glycolysis.PK 
 1357 similar to 
GB:AAL47446.1:17978970:AY0698
94 At2g36580:F1O11.21 
(Arabidopsis thaliana), partial (75%) 0.80 
     
     
No Ontology       
     
A_92_P024018 35.2 not assigned.unknown 
 975 
GB:BAB47035.1:13928206:AB0422
40 ycf3 (Triticum aestivum), partial 
(31%) 1.23 
A_92_P003122 35.1 not assigned.no ontology 
NP_001105791 shugosin 
centromeric cohesion1 [Zea mays], 
meiosis 1 centromere fusion  1.04 
A_92_P021563 35.1.5 
not assigned.no 
ontology.pentatricopeptide (PPR) 
repeat-containing protein 
 1356 similar to 
UP:Q653J1_ORYSA (Q653J1) 
PPR-protein-like, partial (61%) 1.01 
A_92_P012604 35.2 not assigned.unknown 
 1396 similar to 
UP:Q8H1U5_ARATH (Q8H1U5) 
APC2, partial (37%), anaphase-
promoting complex/cyclosome 1.00 
A_92_P007141 35.1.40 
not assigned.no ontology.glycine rich 
proteins 
 similar to UP|Q2IIH7 ANADE 
(Q2IIH7) PE-PGRS family protein, 
partial (6%) 1.00 
A_92_P007943 35.1.5 
not assigned.no 
ontology.pentatricopeptide (PPR) 
repeat-containing protein 
BAD07548 pentatricopeptide (PPR) 
repeat-containing protein-like [Oryza 
sativa Japonica Group]                 0.99 
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A_92_P024941 35.1.19 
not assigned.no ontology.C2 domain-
containing protein 
 2024 similar to 
UP:Q9LXU2_ARATH (Q9LXU2) 
Anthranilate 
phosphoribosyltransferase-like 
protein, partial (64%) 0.96 
A_92_P018114 35.2 not assigned.unknown 
 731 similar to UP:Q69Y52_ORYSA 
(Q69Y52) BHLH transcription factor 
PTF1, partial (19%) 0.95 
A_92_P000679 35.1 not assigned.no ontology 
 1785 similar to 
UP:Q76FS5_ARATH (Q76FS5) 
Solanesyl diphosphate synthase 2  , 
partial (76%) 0.92 
A_92_P026743 35.1 not assigned.no ontology 
 801 similar to UP:Q5NBD6_ORYSA 
(Q5NBD6) 5 -nucleotidase, cytosolic 
II-like, partial (13%) 0.92 
A_92_P001545 35.1 not assigned.no ontology 
AAB61961 integral membrane 
protein [Oryza sativa] 0.91 
A_92_P010563 35.1 not assigned.no ontology 
 1555 similar to 
UP:Q67UY4_ORYSA (Q67UY4) 
Rhomboid-like protein, partial (96%) 0.91 
A_92_P019088 35.1.5 
not assigned.no 
ontology.pentatricopeptide (PPR) 
repeat-containing protein 
 591 weakly similar to 
UP:Q6YWP8_ORYSA (Q6YWP8) 
Pentatricopeptide (PPR) repeat-
containing protein-like, partial (10%) 0.89 
A_92_P025857 35.1 not assigned.no ontology 
 1189 similar to 
PRF:NP_178473.2:30678076:NP_1
78473 translin family protein 
(Arabidopsis thaliana), partial (77%) 0.85 
A_92_P026360 35.2 not assigned.unknown 
EEF29779  DNA polymerase 
epsilon subunit, putative [Ricinus 
communis]                0.85 
A_92_P034419 35.1.19 
not assigned.no ontology.C2 domain-
containing protein 
 1084 similar to UP:ERG3_ORYSA 
(Q7F9X0) Elicitor-responsive protein 
3 (16 kDa phloem protein) (RPP16), 
complete 0.80 
A_92_P033639 35.1.5 
not assigned.no 
ontology.pentatricopeptide (PPR) 
repeat-containing protein 
BAD15896 PPR-repeat protein-like 
[Oryza sativa Japonica Group]                 0.78 
A_92_P025703 35.1 not assigned.no ontology 
1024 similar to 
GB:AAN31783.1:23396189:AC1345
16 Putataive pollen specific protein 
C13 precursor (Oryza sativa 
(japonica cultivar-group)), partial 
(88%) 0.73 
A_92_P033974 35.1 not assigned.no ontology 
 1392 similar to 
UP:Q6Z539_ORYSA (Q6Z539) 
CAAX amino terminal protease 
family-like protein, partial (64%) 0.73 
A_92_P034079 35.1.5 
not assigned.no 
ontology.pentatricopeptide (PPR) 
repeat-containing protein 
 534 weakly similar to 
PRF:NP_177601.1:15221306:NP_1
77601 pentatricopeptide (PPR) 
repeat-containing protein 
(Arabidopsis thaliana), partial (15%) 0.70 
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Unknown         
     
A_92_P032231 N/A N/A 
 1152 similar to UP:Q9SII5_ARATH 
(Q9SII5) Expressed protein 
(At2g17230:T23A1.9), partial (69%) 2.73 
A_92_P023273 N/A N/A 
weakly similar to XP_804629 
dispersed gene family protein 1 
(DGF-1) [Trypanosoma cruzi strain 
CL Brener] 2.66 
A_92_P031228 N/A N/A 
 3474 Zea mays clone 
EL01N0515H05.c mRNA sequence 2.33 
A_92_P028320 N/A N/A  735 unknown 2.27 
A_92_P024009 N/A N/A 
 2624 Zea mays clone 
EL01T0203B04.c mRNA sequence 2.04 
A_92_P035573 N/A N/A 
 1492 similar to 
PRF:NP_568615.2:30694168:NP_5
68615 expressed protein 
(Arabidopsis thaliana), partial (9%) 1.99 
A_92_P024585 N/A N/A 
similar to YP_814253  adhesion 
exoprotein [Lactobacillus gasseri 
ATCC 33323] 1.89 
A_92_P019900 N/A N/A  1226 unknown 1.86 
A_92_P032862 N/A N/A 
 878 Zea mays clone 
EK07D2309B08.c mRNA sequence 1.85 
A_92_P015527 N/A N/A 
 798 similar to UP:Q70ZY3_MAIZE 
(Q70ZY3) M22 protein (Fragment), 
partial (70%) 1.58 
A_92_P015941 N/A N/A 
BAD95277 chaperonin precursor 
[Arabidopsis thaliana]                 1.55 
A_92_P008221 N/A N/A 
 1986 Zea mays clone 
EL01N0425D06.d mRNA sequence 1.53 
A_92_P024279 N/A N/A 
 988 Zea mays clone 
EL01N0556C01.c mRNA sequence 1.45 
A_92_P027560 N/A N/A 
 1767 weakly similar to 
UP:Q9FMX6_ARATH (Q9FMX6) 
Gb:AAD21732.1, partial (34%) 1.44 
A_92_P028916 N/A N/A 
XP_001759186 predicted protein 
[Physcomitrella patens subsp. 
patens] 1.42 
A_92_P008382 N/A N/A 
 1176 similar to 
UP:O82118_ORYSA (O82118) Zinc 
finger protein, partial (40%) 1.42 
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A_92_P017780 N/A N/A 
 892 weakly similar to 
PRF:NP_201078.1:15241937:NP_2
01078 integral membrane HPP 
family protein (Arabidopsis thaliana), 
partial (63%) 1.42 
A_92_P001476 N/A N/A 
NP_001094343 chromosome 16 
open reading frame 46 isoform 1 
[Homo sapiens] 1.40 
A_92_P013508 N/A N/A 
 814 homologue to 
GB:AAO37991.2:49457926:AC0908
71 expressed protein (Oryza sativa 
(japonica cultivar-group)), partial 
(44%) 1.33 
A_92_P011932 N/A N/A 
 1062 similar to 
PRF:NP_192603.2:42566341:NP_1
92603 expressed protein 
(Arabidopsis thaliana), partial (13%) 1.33 
A_92_P025693 N/A N/A 
EEF28716 Inner membrane 
transport protein yjjL, putative 
[Ricinus communis] 1.29 
A_92_P013666 N/A N/A  477 unknown 1.26 
A_92_P037738 N/A N/A 
AAQ13901 multifunctional protein 
[Oryza sativa]                 1.24 
A_92_P016645 N/A N/A 
EEF33979 eukaryotic translation 
initiation factor 3 subunit, putative 
[Ricinus communis]                1.23 
A_92_P012099 N/A N/A  2882 unknown 1.18 
A_92_P002144 N/A N/A  646 unknown 1.17 
A_92_P010264 N/A N/A 
 1037 similar to 
PRF:NP_565853.1:18404264:NP_5
65853 expressed protein 
(Arabidopsis thaliana), partial (66%) 1.14 
A_92_P012602 N/A N/A 
 2111 Zea mays clone 
EL01N0523D10.d mRNA sequence 1.13 
A_92_P041335 N/A N/A 
1027 similar to UP:O82118_ORYSA 
(O82118) Zinc finger protein, partial 
(47%) 1.10 
A_92_P007416 N/A N/A 
 526 weakly similar to 
PRF:NP_198091.1:15240916:NP_1
98091 expressed protein 
(Arabidopsis thaliana), partial (6%) 1.09 
A_92_P014307 N/A N/A  425 unknown 1.09 
A_92_P025992 N/A N/A 
EEF52409 Paramyosin, putative 
[Ricinus communis]                 1.08 
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A_92_P040332 N/A N/A 
 752 similar to UP:Q852K0_ORYSA 
(Q852K0) Expressed protein, partial 
(30%) 1.08 
A_92_P038409 N/A N/A 
 1031 
GB:AAB30283.2:13449983:S69194
S3 IRF170 (Zea mays), partial 
(54%) 1.06 
A_92_P039587 N/A N/A 
BAC07074  putative oxidoreductase, 
FAD-binding [Oryza sativa Japonica 
Group]                1.06 
A_92_P030818 N/A N/A 
 632 weakly similar to 
UP:Q53NQ9_ORYSA (Q53NQ9) 
F12P19.3 [imported]-Arabidopsis 
thaliana, partial (22%) 1.06 
A_92_P005090 N/A N/A 
EEF35862 pentatricopeptide repeat-
containing protein, putative [Ricinus 
communis]                 1.06 
A_92_P026908 N/A N/A 
 1099 similar to 
PRF:NP_176001.2:42562778:NP_1
76001 GTP-binding protein-related 
(Arabidopsis thaliana), partial (66%) 1.04 
A_92_P031081 N/A N/A 
 1489 weakly similar to 
PRF:NP_198738.2:30693366:NP_1
98738 hydrolase, alpha:beta fold 
family protein (Arabidopsis thaliana), 
partial (62%), auxin/cell elongation  1.03 
A_92_P028274 N/A N/A 
 636 homologue to 
UP:Q6EPQ3_ORYSA (Q6EPQ3) 
SPX (SYG1:Pho81:XPR1) domain-
containing protein-like, partial (20%) 1.03 
A_92_P035549 N/A N/A 
 1084 similar to 
PRF:NP_568615.2:30694168:NP_5
68615 expressed protein 
(Arabidopsis thaliana), partial (9%) 1.03 
A_92_P024659 N/A N/A 
 similar to UP|Q2HSJ8 MEDTR 
(Q2HSJ8) Protein kinase, partial 
(10%) 1.02 
A_92_P037728 N/A N/A 
 1272 weakly similar to 
PRF:NP_680215.1:22327025:NP_6
80215 expressed protein 
(Arabidopsis thaliana), partial (48%) 1.01 
A_92_P009768 N/A N/A 
 1414 weakly similar to 
PRF:NP_567745.1:18416739:NP_5
67745 antitermination NusB domain-
containing protein (Arabidopsis 
thaliana), partial (60%) 1.01 
A_92_P001870 N/A N/A 
 2301 similar to UP:O82261_ARATH 
(O82261) DegP2 protease 
(At2g47940:F17A22.33), partial 
(76%) 1.01 
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A_92_P020367 N/A N/A 
 664 similar to UP:Q67XR9_ARATH 
(Q67XR9) MRNA, , clone: RAFL25-
28-O12 (At1g29120), partial (14%) 1.00 
A_92_P005622 N/A N/A 
 1576 Zea mays clone 
EL01N0403D03.c mRNA sequence 0.99 
A_92_P025356 N/A N/A 
 1532 similar to 
UP:Q5EAH9_ARATH (Q5EAH9) 
At3g55760, partial (47%) 0.99 
A_92_P018109 N/A N/A 
 623 similar to 
PRF:NP_172579.1:15220289:NP_1
72579 expressed protein 
(Arabidopsis thaliana), partial (5%) 0.99 
A_92_P033837 N/A N/A 
 744 weakly similar to 
PRF:NP_200090.1:15237263:NP_2
00090 expressed protein 
(Arabidopsis thaliana), partial (29%) 0.98 
A_92_P028553 N/A N/A  576 unknown 0.98 
A_92_P010539 N/A N/A 
 911 weakly similar to 
PRF:NP_565570.1:18400547:NP_5
65570 expressed protein 
(Arabidopsis thaliana), partial (44%) 0.95 
A_92_P020519 N/A N/A 
ACG39255 KHG/KDPG aldolase 
[Zea mays]                 0.95 
A_92_P023535 N/A N/A 
 746 similar to UP:Q9LDF8_ARATH 
(Q9LDF8) Gb:AAF35944.1 
(At3g12950), partial (6%) 0.95 
A_92_P033344 N/A N/A 
YP_001201351 Type I restriction-
modification system 
methyltransferase subunit 
[Streptococcus suis 98HAH33] 0.94 
A_92_P031381 N/A N/A 
 944 weakly similar to 
UP:Q4U4H1_9ROSI (Q4U4H1) KH 
domain-containing protein 
(Fragment), partial (77%) 0.93 
A_92_P006610 N/A N/A 
 3821 Zea mays clone 
EL01N0551H02.c mRNA sequence 0.93 
A_92_P002333 N/A N/A  204 unknown 0.93 
A_92_P017030 N/A N/A  883 unknown 0.93 
A_92_P040816 N/A N/A 
 2688 UP:Q672R6_MAIZE 
(Q672R6) Hydroxymethylbutenyl 4-
diphosphate synthase, complete 0.93 
A_92_P042032 N/A N/A 
 1225 homologue to 
UP:Q656T5_ORYSA (Q656T5) 
Oxidoreductase-like, partial (86%) 0.92 
A_92_P003311 N/A N/A 
 1553 Zea mays clone 
EK07D2312C08.c mRNA sequence 0.92 
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A_92_P023817 N/A N/A 
1296 weakly similar to 
PRF:NP_199714.2:22327660:NP_1
99714 tRNA synthetase class I (I, L, 
M and V) family protein (Arabidopsis 
thaliana), partial (20%) 0.91 
A_92_P001858 N/A N/A 
NP_001106257 ZCN25 protein [Zea 
mays] 0.91 
A_92_P010331 N/A N/A 
 2396 homologue to 
UP:Q8L8I4_ORYSA (Q8L8I4) 
RNase L inhibitor-like protein, 
complete 0.91 
A_92_P023614 N/A N/A 
 1321 similar to 
PRF:NP_565610.1:18400953:NP_5
65610 YebC-related (Arabidopsis 
thaliana), partial (77%) 0.91 
A_92_P018531 N/A N/A 
ACG42765 lysosomal protective 
protein precursor [Zea mays]                 0.90 
A_92_P005979 N/A N/A 
 877 homologue to 
UP:Q8LP98_ORYSA (Q8LP98) 
Transcription factor PCF3 
(Fragment), partial (12%) 0.90 
A_92_P017003 N/A N/A  580 unknown 0.90 
A_92_P035799 N/A N/A 
 1017 weakly similar to 
PRF:NP_567701.1:18416334:NP_5
67701 expressed protein 
(Arabidopsis thaliana), partial (81%) 0.90 
A_92_P010913 N/A N/A 322 unknown 0.89 
A_92_P028419 N/A N/A 
 2033 weakly similar to 
UP:Q84M90_ARATH (Q84M90) 
At3g15180, partial (33%) 0.89 
A_92_P005849 N/A N/A 
 1419 Zea mays clone 
EL01N0449B09.c mRNA sequence 0.89 
A_92_P039106 N/A N/A 
 1125 Zea mays clone 
EL01N0551G08.c mRNA sequence 0.89 
A_92_P012657 N/A N/A 
963 similar to 
PRF:NP_199714.2:22327660:NP_1
99714 tRNA synthetase class I (I, L, 
M and V) family protein (Arabidopsis 
thaliana), partial (29%) 0.89 
A_92_P008984 N/A N/A  788 unknown 0.88 
A_92_P034436 N/A N/A 
 749 similar to 
GB:AAS07143.1:41469239:AC1453
81 expressed protein (Oryza sativa 
(japonica cultivar-group)), partial 
(18%) 0.88 
A_92_P028610 N/A N/A 
 1546 weakly similar to 
PRF:NP_564287.1:18396370:NP_5
64287 expressed protein 
(Arabidopsis thaliana), partial (24%) 0.88 
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A_92_P036412 N/A N/A 
 726 similar to 
PRF:NP_190247.1:15232596:NP_1
90247 expressed protein 
(Arabidopsis thaliana), partial (55%) 0.88 
A_92_P005056 N/A N/A ACG44343 AER [Zea mays]                 0.88 
A_92_P014585 N/A N/A 
EEF47825 kinase, putative [Ricinus 
communis] 0.87 
A_92_P030533 N/A N/A 
 234 homologue to 
UP:Q656T5_ORYSA (Q656T5) 
Oxidoreductase-like, partial (8%) 0.87 
A_92_P014141 N/A N/A 
 356 weakly similar to 
PRF:NP_175994.1:15222815:NP_1
75994 expressed protein 
(Arabidopsis thaliana), partial (14%) 0.87 
A_92_P020446 N/A N/A 
 752 similar to 
PRF:NP_568306.1:18417512:NP_5
68306 heavy-metal-associated 
domain-containing protein 
(Arabidopsis thaliana), partial (31%) 0.87 
A_92_P025303 N/A N/A 
CAA32268 petD [Hordeum vulgare 
subsp. vulgare]                  0.87 
A_92_P005960 N/A N/A 
 2616 telomerase reverse 
transcriptase catalytic subunit [Zea 
mays] 0.85 
A_92_P008365 N/A N/A 
1324 similar to UP:Q58IJ7_HORVU 
(Q58IJ7) UDP-D-glucose epimerase 
3, partial (95%) 0.85 
A_92_P024795 N/A N/A 
 867 weakly similar to 
PRF:NP_563709.1:18390404:NP_5
63709 expressed protein 
(Arabidopsis thaliana), partial (16%) 0.85 
A_92_P004298 N/A N/A 
 820 Zea mays clone 
EL01N0551C01.c mRNA sequence 0.84 
A_92_P036647 N/A N/A 
 1249 similar to 
PRF:NP_195914.2:30679833:NP_1
95914 expressed protein 
(Arabidopsis thaliana), partial (31%) 0.84 
A_92_P031952 N/A N/A  841 unknown 0.84 
A_92_P022195 N/A N/A 
 1284 similar to 
PRF:NP_564513.1:18401869:NP_5
64513 expressed protein 
(Arabidopsis thaliana), partial (52%) 0.83 
A_92_P037006 N/A N/A 
 644 similar to UP:Q5CZ54_SOLTU 
(Q5CZ54) Pom14 protein, partial 
(53%) 0.83 
A_92_P007245 N/A N/A   0.83 
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A_92_P035543 N/A N/A 
 1080 similar to 
PRF:NP_189354.2:42565237:NP_1
89354 expressed protein 
(Arabidopsis thaliana), partial (32%) 0.83 
A_92_P000258 N/A N/A 
638 homologue to 
UP:Q6L724_HORVU (Q6L724) 
ATP-dependent RNA helicase, 
partial (27%) 0.83 
A_92_P028842 N/A N/A 
ACG35967  retrotransposon protein 
SINE subclass [Zea mays]                0.83 
A_92_P034585 N/A N/A 
 958 similar to 
PRF:NP_564287.1:18396370:NP_5
64287 expressed protein 
(Arabidopsis thaliana), partial (12%) 0.83 
A_92_P003523 N/A N/A 
623 homologue to 
UP:Q8L8I4_ORYSA (Q8L8I4) 
RNase L inhibitor-like protein, partial 
(29%) 0.83 
A_92_P015040 N/A N/A 
 1022 weakly similar to 
PRF:NP_196828.2:22326767:NP_1
96828 expressed protein 
(Arabidopsis thaliana), partial (92%) 0.83 
A_92_P007901 N/A N/A 
 1742 Zea mays clone Contig117 
mRNA sequence 0.82 
A_92_P001516 N/A N/A  1372 unknown 0.82 
A_92_P039122 N/A N/A 
 861 similar to UP:Q94JV0_ARATH 
(Q94JV0) At1g69210:F4N2_11, 
partial (19%) 0.82 
A_92_P018708 N/A N/A 
 2393 similar to 
UP:Q9M4Q0_HORVU (Q9M4Q0) 
Molybdenum cofactor biosynthesis 
protein Cnx1, partial (97%) 0.81 
A_92_P017691 N/A N/A 
EEF40901 lrr receptor-linked protein 
kinase, putative [Ricinus communis]                  0.81 
A_92_P033874 N/A N/A 
YP_002135627 methyl-accepting 
chemotaxis sensory transducer 
[Anaeromyxobacter sp. K] 0.81 
A_92_P001925 N/A N/A 
 734 similar to UP:Q75GL2_ORYSA 
(Q75GL2) Expressed protein (With 
alternative splicing), partial (14%) 0.81 
A_92_P024716 N/A N/A 
 615 weakly similar to 
UP:PRT2_ONCMY (P02330) 
Protamine II (Iridine II), partial (66%) 0.81 
A_92_P039610 N/A N/A 
YP_008997 putative 23S rRNA 
(Uracil-5-)-methyltransferase 
[Candidatus Protochlamydia 
amoebophila UWE25] 0.81 
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A_92_P040402 N/A N/A 
 1084 similar to 
UP:Q9ZTU8_WHEAT (Q9ZTU8) 
S276, partial (40%) 0.81 
A_92_P010440 N/A N/A 
 871 homologue to 
UP:Q6YW48_ORYSA (Q6YW48) 
Zinc finger protein-like, partial (10%) 0.81 
A_92_P012980 N/A N/A 
 1031 
GB:AAB30283.2:13449983:S69194
S3 IRF170 (Zea mays), partial 
(54%) 0.81 
A_92_P008359 N/A N/A 
 1354 UP:Q6ZHA3_ORYSA 
(Q6ZHA3) Small GTP-binding 
protein RACBP, complete 0.80 
A_92_P011771 N/A N/A 
1002 similar to 
PRF:NP_199714.2:22327660:NP_1
99714 tRNA synthetase class I (I, L, 
M and V) family protein (Arabidopsis 
thaliana), partial (25%) 0.80 
A_92_P007278 N/A N/A 
 2023 similar to 
UP:Q9ZTU8_WHEAT (Q9ZTU8) 
S276, partial (95%) 0.80 
A_92_P000940 N/A N/A 
 868 similar to 
PRF:NP_199967.1:15242116:NP_1
99967 peptidase M3 family protein : 
thimet oligopeptidase family protein 
(Arabidopsis thaliana), partial (8%) 0.80 
A_92_P012302 N/A N/A 
 1099 similar to 
PRF:NP_176001.2:42562778:NP_1
76001 GTP-binding protein-related 
(Arabidopsis thaliana), partial (66%) 0.80 
A_92_P028341 N/A N/A 
 1723 similar to 
UP:Q9FYR6_ARATH (Q9FYR6) 
Prolyl tRNA synthetase 
(At5g52520), partial (88%) 0.80 
A_92_P003384 N/A N/A 
CAC01785 Carboxylesterase-like 
protein [Arabidopsis thaliana]                  0.79 
A_92_P004401 N/A N/A 
AAF78485 Contains similarity to S1 
protein from Homo sapiens 
gb|U27517 and contains a S1 RNA 
binding PF|00575 domain. EST 
gb|F15427, gb|F15428 comes from 
this gene. [Arabidopsis thaliana]                 0.79 
A_92_P030327 N/A N/A 
 1031 
GB:AAB30283.2:13449983:S69194
S3 IRF170 (Zea mays), partial 
(54%) 0.79 
A_92_P027967 N/A N/A 
 1382 homologue to 
UP:Q7EAG4_ORYSA (Q7EAG4) 
Dmc1 protein type B, complete 0.79 
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A_92_P010803 N/A N/A 
 1485 weakly similar to 
PRF:NP_194669.1:15233566:NP_1
94669 expressed protein 
(Arabidopsis thaliana), partial (69%) 0.78 
A_92_P007738 N/A N/A 
ZP_01689674 cell wall-associated 
hydrolase [Microscilla marina ATCC 
23134] 0.78 
A_92_P010494 N/A N/A 
 1799 similar to 
GB:AAS76771.1:45773934:BT0122
84 At3g26932 (Arabidopsis 
thaliana), partial (44%) 0.78 
A_92_P027310 N/A N/A 
 959 similar to UP:Q94AW2_ARATH 
(Q94AW2) AT5g39590:MIJ24_60, 
partial (25%) 0.78 
A_92_P039423 N/A N/A 
923 similar to UP:Q7XIW7_ORYSA 
(Q7XIW7) Myosin heavy chain-like, 
partial (35%) 0.77 
A_92_P008375 N/A N/A 
 1350 weakly similar to 
PRF:NP_567745.1:18416739:NP_5
67745 antitermination NusB domain-
containing protein (Arabidopsis 
thaliana), partial (63%) 0.77 
A_92_P028344 N/A N/A 
2912 similar to 
UP:Q5JMB8_ORYSA (Q5JMB8) 
Calmodulin-binding family protein-
like, partial (69%) 0.77 
A_92_P041536 N/A N/A 
557 similar to 
PRF:NP_568580.1:18421967:NP_5
68580 metal-dependent 
phosphohydrolase HD domain-
containing protein (Arabidopsis 
thaliana), partial (12%) 0.77 
A_92_P028480 N/A N/A 
 633 weakly similar to 
PRF:NP_198034.2:22327094:NP_1
98034 ferroportin-related 
(Arabidopsis thaliana), partial (17%) 0.77 
A_92_P020541 N/A N/A 
 1305 similar to 
PRF:NP_565590.1:18400785:NP_5
65590 expressed protein 
(Arabidopsis thaliana), complete 0.77 
A_92_P016565 N/A N/A 
 1305 weakly similar to 
PRF:NP_564471.1:18400085:NP_5
64471 expressed protein 
(Arabidopsis thaliana), partial (50%) 0.76 
A_92_P020703 N/A N/A 
 1241 similar to 
GB:BAC24810.1:25553534:AP0028
05 contains ESTs 
C72127(E1041),AU078646(E1041) 
nodulin-like protein (Oryza sativa 
(japonica cultivar-group)), partial 
(92%) 0.76 
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A_92_P026383 N/A N/A 
 1648 weakly similar to 
PRF:NP_566302.1:18397912:NP_5
66302 expressed protein 
(Arabidopsis thaliana), partial (36%) 0.76 
A_92_P032459 N/A N/A 
 2396 homologue to 
UP:Q8L8I4_ORYSA (Q8L8I4) 
RNase L inhibitor-like protein, 
complete 0.76 
A_92_P031683 N/A N/A 
 1296 weakly similar to 
UP:ECH1_HUMAN (Q13011) 
Delta3,5-delta2,4-dienoyl-CoA 
isomerase, mitochondrial precursor  
, partial (9%) 0.76 
A_92_P026875 N/A N/A 
 2160 Zea mays clone Contig443 
mRNA sequence 0.76 
A_92_P029877 N/A N/A 
 1226 Zea mays clone 
EL01T0202B06.c mRNA sequence 0.76 
A_92_P040175 N/A N/A 
 1286 similar to 
UP:Q69K07_ORYSA (Q69K07) 
Ribosomal large subunit 
pseudouridine synthase C-like, 
partial (65%) 0.76 
A_92_P020612 N/A N/A 
219 homologue to 
UP:O23761_ARATH (O23761) 
MEtRS  , partial (12%) 0.76 
A_92_P034544 N/A N/A 
 891 similar to 
PRF:NP_850290.1:30687357:NP_8
50290 expressed protein 
(Arabidopsis thaliana), partial (28%) 0.75 
A_92_P031844 N/A N/A 
 1333 similar to 
UP:Q8S984_ORYSA (Q8S984) 
Arabidopsis ETTIN-like protein 2, 
partial (35%) 0.75 
A_92_P038651 N/A N/A 
 550 similar to UP:Q67YS7_ARATH 
(Q67YS7) MRNA, complete cds, 
clone: RAFL24-10-D10, partial 
(11%) 0.75 
A_92_P025816 N/A N/A 
 1479 Zea mays clone Contig495.F 
mRNA sequence 0.75 
A_92_P037482 N/A N/A   0.75 
A_92_P002389 N/A N/A  606 unknown 0.75 
A_92_P033905 N/A N/A 
 2197 Zea mays clone 
EL01N0553C01.d mRNA sequence 0.75 
A_92_P031899 N/A N/A 
 1382 weakly similar to 
UP:Q9LL85_SOLTU (Q9LL85) 
DNA-binding protein p24, partial 
(65%) 0.74 
A_92_P040648 N/A N/A 
XP_002313020 inner membrane 
protein [Populus trichocarpa] 0.74 
A_92_P035921 N/A N/A 
EEF50694 Protease, putative 
[Ricinus communis]                 0.74 
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A_92_P030725 N/A N/A 
 1847 Zea mays clone 
EL01T0204A05.d mRNA sequence 0.74 
A_92_P009744 N/A N/A 
 1175 similar to UP:Q6L613_AEGTA 
(Q6L613) WNdr1D-like protein 
kinase, partial (53%) 0.74 
A_92_P020399 N/A N/A 
 762 similar to 
GB:AAL37489.1:17225592:AF3318
47 serine acetyltransferase 
(Arabidopsis thaliana), partial (22%) 0.73 
A_92_P004650 N/A N/A 
 1147 similar to 
UP:Q84MH1_ORYSA (Q84MH1) 
Expressed protein, partial (38%) 0.73 
A_92_P027950 N/A N/A 
1465 similar to 
UP:Q6SQN4_ORYSA (Q6SQN4) 
Circadian oscillator component, 
partial (44%) 0.73 
A_92_P016845 N/A N/A 
 1808 weakly similar to 
UP:Q944A0_ARATH (Q944A0) 
AT5g22820:MRN17_5, partial 
(11%), binding 0.73 
A_92_P024103 N/A N/A 
 1146 similar to 
UP:Q6L724_HORVU (Q6L724) 
ATP-dependent RNA helicase, 
partial (29%) 0.73 
A_92_P003480 N/A N/A 
 988 similar to 
PRF:NP_566205.1:18396541:NP_5
66205 Ku70-binding family protein 
(Arabidopsis thaliana), partial (65%) 0.73 
A_92_P001107 N/A N/A 
1155 similar to 
UP:Q6FUA8_CANGA (Q6FUA8) 
Candida glabrata strain CBS138 
chromosome F complete sequence, 
partial (6%) 0.73 
A_92_P016685 N/A N/A 
 1205 similar to UP:HIS2_ARATH 
(O82768) Histidine biosynthesis 
bifunctional protein hisIE, 
chloroplast precursor [Includes: 
Phosphoribosyl-AMP cyclohydrolase  
(PRA-CH) 0.72 
A_92_P006001 N/A N/A 
 2201 similar to 
PRF:NP_198037.2:30690432:NP_1
98037 expressed protein 
(Arabidopsis thaliana), partial (12%) 0.72 
A_92_P041511 N/A N/A 
702 similar to UP:Q6YZC9_ORYSA 
(Q6YZC9) Uridylyl transferase-like, 
partial (26%) 0.72 
A_92_P004409 N/A N/A 
EEF41815 cytosolic purine 5-
nucleotidase, putative [Ricinus 
communis]                 0.72 
A_92_P041316 N/A N/A  662 unknown 0.72 
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A_92_P034506 N/A N/A 
 2297 weakly similar to 
UP:O24293_PEA (O24293) 
Chloroplast inner envelope protein, 
110 kD (IEP110) precursor, partial 
(32%) 0.72 
A_92_P035708 N/A N/A 
ABF95548 cyclin, putative, 
expressed [Oryza sativa (japonica 
cultivar-group)]                 0.72 
A_92_P027087 N/A N/A 
 1768 similar to 
PRF:NP_974731.1:42573269:NP_9
74731 aminotransferase class I and 
II family protein (Arabidopsis 
thaliana), partial (71%) 0.71 
A_92_P015431 N/A N/A 
2125 Zea mays clone 
EL01N0432E12.c mRNA sequence 0.71 
A_92_P012485 N/A N/A 
 935 similar to UP:Q93YF1_TOBAC 
(Q93YF1) Nucleic acid binding 
protein, partial (29%) 0.71 
A_92_P023560 N/A N/A 
 706 similar to UP:Q84MA4_ARATH 
(Q84MA4) At5g07400, partial (3%) 
forkhead associated  0.71 
A_92_P025557 N/A N/A 
XP_521998 PREDICTED: similar to 
seven transmembrane helix receptor 
[Pan troglodytes] 0.70 
A_92_P026091 N/A N/A 
 690 homologue to 
UP:Q5FB28_MAIZE (Q5FB28) 
Chloroplastic iron-superoxide 
dismutase precursor  , partial (84%) 0.70 
A_92_P004053 N/A N/A 
 1182 Zea mays clone 
EL01N0323H03.c mRNA sequence 0.70 
A_92_P035752 N/A N/A 
 805 similar to 
PRF:NP_564623.2:30695448:NP_5
64623 sodium:calcium exchanger 
family protein : calcium-binding EF 
hand family protein (Arabidopsis 
thaliana), partial (26%) 0.70 
A_92_P041434 N/A N/A 
 943 weakly similar to 
UP:Q8H2U1_ORYSA (Q8H2U1) 
Selenium-binding protein-like, partial 
(16%) 0.70 
A_92_P017437 N/A N/A 
1065 similar to 
UP:Q6STH5_ARATH (Q6STH5) 
[4Fe-4S] cluster assembly factor, 
partial (38%) 0.70 
A_92_P033177 N/A N/A 
 1290 homologue to 
UP:Q4KBA9_PSEF5 (Q4KBA9) 4-
hydroxyphenylacetate catabolism 
regulatory protein HpaA, partial (5%) 0.70 
A_92_P000875 N/A N/A 
 762 similar to UP:Q9ASP8_ARATH 
(Q9ASP8) AT3g55400:T22E16_60, 
partial (16%), OVULE ABORTION 1 0.70 
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Protein         
     
A_92_P015623 29.4 protein.postranslational modification 
 1192 similar to UP:Q943R3_ORYSA 
(Q943R3) Calmodulin-binding protein-
like, partial (32%) -2.39 
A_92_P040148 
29.5.11.04.0
2 protein.degradation.ubiquitin.E3.RING 
 411 similar to UP:Q655C7_ORYSA 
(Q655C7) Ring-H2 zinc finger protein-
like, partial (7%) -1.80 
A_92_P019384 29.5 protein.degradation 
 1935 UP:Q9ZP28_MAIZE (Q9ZP28) 
C13 endopeptidase NP1 precursor, 
complete -1.55 
A_92_P012315 29.4 protein.postranslational modification 
 2080 weakly similar to 
UP:Q94C40_ARATH (Q94C40) CBL-
interacting protein kinase 17, partial 
(81%) -1.24 
A_92_P006094 29.4  protein.postranslational modification 
 406 weakly similar to 
UP:P93370_TOBAC (P93370) 
Calmodulin-binding protein, partial 
(9%) -1.06 
A_92_P010324 
29.5.11.04.0
2 protein.degradation.ubiquitin.E3.RING 
 similar to UP|Q5GAQ1 MAIZE 
(Q5GAQ1) Ring-H2 zinc finger 
protein, partial (38%) -1.02 
A_92_P005471 29.4 protein.postranslational modification 
ABA98870 calmodulin-binding 
protein, putative, expressed [Oryza 
sativa (japonica cultivar-group)]                 -0.99 
A_92_P020974 29.4 protein.postranslational modification 
 2080 weakly similar to 
UP:Q94C40_ARATH (Q94C40) CBL-
interacting protein kinase 17, partial 
(81%) -0.98 
A_92_P001627 
29.5.11.04.0
3.02 
protein.degradation.ubiquitin.E3.SCF.F
BOX 
 1035 weakly similar to 
UP:Q5VR67_ORYSA (Q5VR67) F-
box family protein-like, partial (44%) -0.98 
A_92_P037353 29.5.11.03 protein.degradation.ubiquitin.E2 
 1002 similar to UP:Q6YKA6_PAVLU 
(Q6YKA6) Ubiquitin-conjugating 
enzyme E2, partial (66%) -0.87 
A_92_P016716 29.4 protein.postranslational modification 
 1508 similar to 
PRF:NP_194348.1:15236140:NP_19
4348 mitochondrial substrate carrier 
family protein (Arabidopsis thaliana), 
partial (85%) -0.84 
A_92_P007118 29.5.11 protein.degradation.ubiquitin 
 701 homologue to 
PRF:NP_190104.1:15230632:NP_19
0104 ubiquitin family protein 
(Arabidopsis thaliana), complete -0.84 
A_92_P031338 
29.5.11.04.0
3.02 
protein.degradation.ubiquitin.E3.SCF.F
BOX 
 662 similar to UP:Q9SDA8_ARATH 
(Q9SDA8) At2g17020 
(At2g17020:At2g17020), partial (8%), 
F-BOX family protein FBL10 -0.83 
A_92_P040397 29.4 protein.postranslational modification 
 940 homologue to 
UP:Q9ATP2_PENCL (Q9ATP2) 
Calmodulin-like protein, partial (96%) -0.79 
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A_92_P026402 29.2.4 protein.synthesis.elongation 
 1229 UP:SUI1_MAIZE (P56330) 
Protein translation factor SUI1 
homolog (GOS2 protein), complete -0.77 
A_92_P002413 
29.5.11.04.0
2 protein.degradation.ubiquitin.E3.RING 
1306 weakly similar to 
UP:Q6ZHB2_ORYSA (Q6ZHB2) S-
ribonuclease binding protein SBP1-
like, partial (32%) -0.72 
     
     
Regulation of Transcription     
     
A_92_P009010 27.3.32 
 RNA.regulation of transcription.WRKY 
domain transcription factor family 
 1418 similar to UP:Q6B6Q9_ORYSA 
(Q6B6Q9) Transcription factor 
WRKY31, partial (41%) -2.20 
A_92_P030158 27.3.99 
RNA.regulation of 
transcription.unclassified 
 1414 similar to UP:Q5N8K7_ORYSA 
(Q5N8K7) Aspartic proteinase 
nepenthesin I-like, partial (49%) -2.04 
A_92_P018974 27.3.99 
RNA.regulation of transcription.WRKY 
domain transcription factor family 
 1153 similar to UP:Q84K08_ORYSA 
(Q84K08) Zinc-finger protein, partial 
(40%) -1.53 
A_92_P038150 27.3.99 
RNA.regulation of transcription.WRKY 
domain transcription factor family 
 homologue to UP|Q73Y19 MYCPA 
(Q73Y19) FurB, partial (8%) -1.34 
A_92_P019538 27.3.03 
RNA.regulation of 
transcription.AP2/EREBP, 
APETALA2/Ethylene-responsive 
element binding protein family 
 1343 similar to UP:Q8LKW9_MAIZE 
(Q8LKW9) DRE binding factor 1, 
partial (48%) -1.34 
A_92_P032910 27.3.32 
RNA.regulation of transcription.WRKY 
domain transcription factor family 
 1260 similar to UP:Q6B6Q8_ORYSA 
(Q6B6Q8) Transcription factor 
WRKY32, partial (34%) -1.20 
A_92_P020341 27.3.11 
RNA.regulation of transcription.C2H2 
zinc finger family 
 975 similar to UP:Q6ZII7_ORYSA 
(Q6ZII7) Zinc finger and C2 domain 
protein-like, complete -1.08 
A_92_P021296 27.3.99 
RNA.regulation of 
transcription.unclassified 
 2113 similar to UP:Q6Z5I2_ORYSA 
(Q6Z5I2) Zinc finger (C3HC4-type 
RING finger)-like protein, partial 
(28%) -1.04 
A_92_P019648 27.3.67 
RNA.regulation of transcription.putative 
DNA-binding protein 
 1132 similar to UP:REMO_SOLTU 
(P93788) Remorin (pp34), partial 
(80%) -0.99 
A_92_P016747 27.3 RNA.regulation of transcription 
 1548 UP:Q93WI2_MAIZE (Q93WI2) 
Teosinte branched1 protein 
(Fragment), complete -0.87 
A_92_P014828 27.3.99 
RNA.regulation of 
transcription.unclassified 
 1496 weakly similar to 
UP:TNKS1_HUMAN (O95271) 
Tankyrase 1  (TANK1) (Tankyrase I) 
(TNKS-1) (TRF1-interacting ankyrin-
related ADP-ribose polymerase) , 
partial (3%) -0.84 
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A_92_P017500 27.3.32 
RNA.regulation of transcription.WRKY 
domain transcription factor family 
1496 similar to UP:Q94EA8_ORYSA 
(Q94EA8) WRKY transcription factor 
14 (WRKY14), partial (56%) -0.80 
A_92_P027733 27.3.29 
RNA.regulation of transcription.TCP 
transcription factor family 
ACG42335  TCP family transcription 
factor containing protein [Zea mays]                -0.78 
A_92_P026052 27.3.08 
RNA.regulation of 
transcription.C2C2(Zn) DOF zinc finger 
family 
 1899 similar to UP:DOF22_ARATH 
(Q9ZV33) Dof zinc finger protein 
DOF2.2 (AtDOF2.2), partial (25%) -0.73 
A_92_P013435 27.3.25 
RNA.regulation of transcription.MYB 
domain transcription factor family  1355 R2R3MYB-domain protein -0.7021 
     
     
RNA Processing       
     
A_92_P009279 27.1 RNA Processing 
 643 weakly similar to 
UP:O23646_ARATH (O23646) 
RSZp22 protein, partial (12%) -1.09 
A_92_P025593 27.1 RNA.processing 
 503 weakly similar to 
UP:FBRL_HUMAN (P22087) 
Fibrillarin (34 kDa nucleolar 
scleroderma antigen), partial (12%) -0.84 
A_92_P031972 27.1 RNA.processing 
 2143 weakly similar to 
UP:FBRL_SCHPO (P35551) 
Fibrillarin, partial (8%) -0.76 
     
     
Transport         
     
A_92_P028076 34.16 
transport.ABC transporters and 
multidrug resistance systems 
 547 similar to UP:Q8GU66_ORYSA 
(Q8GU66) MRP-like ABC transporter, 
partial (7%) -1.63 
A_92_P022084 34.3  transport.amino acids 
 549 similar to UP:Q941Z7_ORYSA 
(Q941Z7) BHLH transcription factor-
like, partial (51%) -1.60 
A_92_P011533 34.7 transport.phosphate 
 1944 UP:Q49B46_MAIZE (Q49B46) 
Inorganic phosphate transporter 1, 
complete -1.42 
A_92_P037740 34.12 transport.metal 
 2494 GB:AF186234.2:AAG17016.2 
iron-phytosiderophore transporter 
protein yellow stripe 1 [Zea mays]- 
Fe(III) transport/uptake membrane 
protein -1.29 
A_92_P030183 34.15 transport.potassium 
 weakly similar to UP|HAK16 ORYSA 
(Q84MS3) Probable potassium 
transporter 16 (OsHAK16), partial 
(18%) -1.25 
A_92_P026621 34.4 transport.nitrate 
 2180 weakly similar to 
PIR:T10255:T10255 nitrite transport 
protein, chloroplast - cucumber 
(Cucumis sativus), partial (57%) -1.07 
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A_92_P016254 34.2 transporter.sugars 
 1012 weakly similar to 
GB:CAD70577.1:32698459:MMU549
317 solute carrier family 2 (facilitated 
glucose transporter), member 12 
(Mus musculus), partial (4%) -0.99 
A_92_P039817 34.9 
transport.metabolite transporters at the 
mitochondrial membrane 
 438 
GB:CAA33742.1:22166:ZMANTG1 
adenine nucleotide translocator (Zea 
mays), partial (15%) -0.98 
A_92_P000905 34.99 transport misc 
 2018 similar to UP:Q9LVD9_ARATH 
(Q9LVD9) Gb:AAC28507.1 
(At3g21690), partial (84%) MATE 
efflux family protein -0.95 
A_92_P024242 34.3 transport.amino acids 
ACG46044 LHT1 [Zea mays]      
lysine histidine transporter 1           -0.95 
A_92_P008394 34.14 transport.unspecified cations 
XP_002325685 equilibrative 
nucleoside transporter [Populus 
trichocarpa] -0.89 
A_92_P022176 34.16 
transport.ABC transporters and 
multidrug resistance systems 
 1220 homologue to 
UP:Q6J0P5_MAIZE (Q6J0P5) 
Multidrug-resistance associated 
protein 3, partial (18%) -0.88 
A_92_P036313 34.9 
transport.metabolite transporters at the 
mitochondrial membrane 
 895 similar to UP:O80413_MAIZE 
(O80413) Mitochondrial phosphate 
transporter, partial (53%) -0.86 
A_92_P028355 34.15 transport.potassium 
 1098 similar to UP:HAK7_ORYSA 
(Q8H3P9) Potassium transporter 7 
(OsHAK7), partial (31%) -0.84 
A_92_P028019 34.12 transport.metal 
 566 similar to UP:Q6H7J6_ORYSA 
(Q6H7J6) Oligopeptide transporter 
OPT-like, partial (20%) -0.75 
A_92_P038771 34.2 transporter.sugars 
 1135 homologue to 
UP:Q6VEF2_ORYSA (Q6VEF2) 
Monosaccharide transporter 4, partial 
(50%) -0.73 
A_92_P031303 34.19.2 transport.Major Intrinsic Proteins.TIP 
 1081 UP:Q9ATL8_MAIZE (Q9ATL8) 
Tonoplast membrane integral protein 
ZmTIP2-2, complete -0.72 
A_92_P040408 34.98 
transporter.membrane system 
unknown 
 1197 similar to 
UP:Q9WU81_MOUSE (Q9WU81) 
CAMP inducible 2 protein (Mus 
musculus adult male thymus cDNA, 
RIKEN full-length enriched library, 
clone:5832433D20 product:solute 
carrier family 37 (glycerol-3-
phosphate transporter), member 1, 
full insert sequen -0.72 
     
     
Signalling         
     
A_92_P017326 30.2.12 
signalling.receptor kinases.leucine rich 
repeat XII 
ACA05156 Xa21-like protein [Triticum 
aestivum]                 -1.54 
A_92_P039832 30.2 signalling.receptor kinases 
ABB84341 resistance-related 
receptor-like kinase [Triticum -1.49 
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aestivum] 
A_92_P001231 30.3 signalling.calcium 
 1395 similar to UP:Q5SND2_ORYSA 
(Q5SND2) Calmodulin-like protein, 
partial (75%) -1.20 
A_92_P014921 30.11 signalling.light 
 437 homologue to 
UP:Q84YF6_SORBI (Q84YF6) RPT2 
(Root Phototropism 2)-like protein, 
partial (3%) -1.09 
A_92_P030669 30.2.2 
signalling.receptor kinases.leucine rich 
repeat II 
 2354 homologue to 
UP:Q94IJ5_MAIZE (Q94IJ5) SERK2 
protein precursor, complete -0.97 
A_92_P024725 30.2.99 signalling.receptor kinases.misc 
 2855 UP:Q53U95_MAIZE (Q53U95) 
Wound and phytochrome signaling 
involved receptor like kinase, 
complete -0.92 
A_92_P029592 30.11 signalling.light 
 1462 weakly similar to 
UP:Q7XYY2_ARATH (Q7XYY2) 
Phytochrome and flowering time 1 
protein, partial (11%) -0.88 
A_92_P036200 30.2.99 signalling.receptor kinases.misc 
 1012 similar to UP:Q53U95_MAIZE 
(Q53U95) Wound and phytochrome 
signaling involved receptor like 
kinase, partial (19%) -0.78 
A_92_P006139 30.2.17 signalling.receptor kinases.DUF 26 
733 similar to UP:Q7F1L5_ORYSA 
(Q7F1L5) Serine:threonine kinase 
receptor-like protein, partial (13%) -0.70 
     
     
Signal Transduction       
     
A_92_P006292   Signal Transduction 
 1270 similar to UP:Q5Z661_ORYSA 
(Q5Z661) Receptor protein kinase-
like, partial (54%) -1.88 
A_92_P018299   Signal Transduction 
 1284 UP:P93518_MAIZE (P93518) 
PRm 3 , complete -1.39 
A_92_P026938   Signal Transduction 
AAT39269 putative receptor-like 
protein kinase [Oryza sativa (japonica 
cultivar-group)]                  -1.14 
A_92_P014436   Signal Transduction 
 873 similar to UP:Q84SH0_ORYSA 
(Q84SH0) Serine:threonine kinase 
receptor-like protein, partial (38%) -1.13 
A_92_P028354   Signal Transduction 
 609 weakly similar to 
UP:O49974_MAIZE (O49974) KI 
domain interacting kinase 1 , partial 
(4%) -1.11 
A_92_P007191  Signal Transduction 
916 similar to UP:Q5Z7K5_ORYSA 
(Q5Z7K5) S-receptor kinase-like, 
partial (20%) -1.05 
     
     
DNA Processing       
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A_92_P031085 28.1 DNA.synthesis/chromatin structure 
XP_952181 5'-3' exonuclease 
[Theileria annulata strain Ankara] -0.80 
A_92_P020637 28.1 DNA.synthesis/chromatin structure 
 934 similar to UP:Q6NMJ9_ARATH 
(Q6NMJ9) At2g23840, partial (63%), 
HNH endonuclease-domain 
containing protein -0.78 
A_92_P025815 28.1 DNA.synthesis/chromatin structure 
 1436 similar to 
PRF:NP_180594.2:42569467:NP_18
0594 endo:excinuclease amino 
terminal domain-containing protein 
(Arabidopsis thaliana), partial (34%) -0.78 
A_92_P039284 28.1.1 
DNA.synthesis/chromatin 
structure.retrotransposon/transposase 
ABF97694 retrotransposon protein, 
putative, unclassified [Oryza sativa 
(japonica cultivar-group)]                -0.78 
     
     
Nucleotide 
Metabolism       
     
A_92_P006313 23.1.1.10 
nucleotide 
metabolism.synthesis.pyrimidine.CTP 
synthetase 
NP_693929 CTP synthetase 
[Oceanobacillus iheyensis HTE831] -0.80 
     
     
Stress         
     
A_92_P010358 20.1 stress.biotic 
 1011 homologue to 
UP:Q4VQB3_SORBI (Q4VQB3) 
Pathogenesis-related protein 10d, 
complete -4.70 
A_92_P014043 20.1 stress.biotic 
weakly similar to YP_001673854  
acriflavin resistance protein 
[Shewanella halifaxensis HAW-EB4] -2.10 
A_92_P001927 20.2 stress.abiotic 
 1378 UP:Q8GT70_MAIZE (Q8GT70) 
Alternative oxidase AOX3, complete -1.99 
A_92_P014347 20.2.1 stress.abiotic.heat 
 957 UP:Q41815_MAIZE (Q41815) 
Heat shock protein 26, complete -1.91 
A_92_P036065 20.2.1 stress.abiotic.heat 
 1011 similar to 
GB:CAA27330.1:861170:ZMHSP702 
heat shock protein 70 (Zea mays), 
partial (43%) -1.57 
A_92_P023606 20.1  stress.biotic 
 769 homologue to UP:PRMS_MAIZE 
(Q00008) Pathogenesis-related 
protein PRMS precursor, complete -1.50 
A_92_P018873 20.1 stress.biotic 
 1196 similar to UP:Q6IER2_ORYSA 
(Q6IER2) WRKY transcription factor 
19, partial (39%) -1.31 
A_92_P017915 20.1 stress.biotic 
 905 weakly similar to 
UP:Q6V9H6_ORYSA (Q6V9H6) 
Brown planthopper-induced 
resistance protein 1, partial (22%) -1.06 
 131 
 
Supplementary Table 2 (cont.) 
ID 
BIN 
CODE BIN NAME GENE DESCRIPTION 
Log 
FC 
A_92_P005705 20.2 stress.abiotic 
 1488 similar to UP:TIP1_YEAST 
(P27654) Temperature-shock 
inducible protein 1 precursor  , partial 
(9%) -1.04 
A_92_P000408 20.2 stress.abiotic 
 592 similar to UP:Q52QX9_MANES 
(Q52QX9) Aldo:keto reductase AKR, 
partial (39%) -1.03 
A_92_P024944 20.2.1 stress.abiotic.heat 
 1544 homologue to 
UP:Q5Z9N8_ORYSA (Q5Z9N8) Heat 
shock protein 90, partial (54%) -0.96 
A_92_P006793 20.1 stress.biotic 
 958 similar to UP:Q69RN2_ORYSA 
(Q69RN2) Chitinase III-like protein, 
partial (98%) -0.90 
A_92_P016081 20.2.1 stress.abiotic.heat 
 1313 similar to 
PRF:NP_188036.1:15231803:NP_18
8036 DNAJ heat shock N-terminal 
domain-containing protein 
(Arabidopsis thaliana), partial (21%) -0.84 
A_92_P001321 20.1 stress.biotic 
765 similar to UP:O82086_MAIZE 
(O82086) Pathogenesis related 
protein-1, partial (85%) -0.82 
A_92_P016088 20.1 stress.biotic 
 1240 homologue to 
UP:Q4NPG7_9DELT (Q4NPG7) PE-
PGRS family protein, partial (3%) -0.81 
A_92_P019440 20.2.1 stress.abiotic.heat 
 516 homologue to 
UP:Q5Z9N8_ORYSA (Q5Z9N8) Heat 
shock protein 90, partial (17%) -0.80 
A_92_P024708 20.1 stress.biotic 
4882 UP:Q6Y3I1_MAIZE (Q6Y3I1) 
Multidrug resistance associated 
protein 1, complete -0.77 
A_92_P016866 20.2.1 stress.abiotic.heat 
 1400 similar to 
PRF:NP_565982.1:18406052:NP_56
5982 DNAJ heat shock N-terminal 
domain-containing protein 
(Arabidopsis thaliana), partial (70%) -0.73 
     
     
Hormone Metabolism       
     
A_92_P011791 17.4.1 
hormone 
metabolism.cytokinin.synthesis-
degradation 
 1360 weakly similar to 
UP:CKX7_ARATH (Q9FUJ1) 
Cytokinin dehydrogenase 7  
(Cytokinin oxidase 7) (CKO7) 
(AtCKX7) (AtCKX5) , partial (19%) -1.73 
A_92_P040776 17.1.1 
hormone metabolism.abscisic 
acid.synthesis-degradation 
 521 similar to UP:Q44GA7_CHRSL 
(Q44GA7) Aldehyde oxidase and 
xanthine dehydrogenase, a:b 
hammerhead:Aldehyde oxidase and 
xanthine dehydrogenase, 
molybdopterin binding, partial (3%) -1.30 
A_92_P021777 17.6.3 
hormone 
metabolism.gibberelin.induced-
regulated-responsive-activated 
 1820 similar to UP:Q9AS97_ORYSA 
(Q9AS97) Gibberellin response 
modulator-like, partial (79%) -1.21 
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A_92_P011313 17.2.1 
hormone metabolism.auxin.synthesis-
degradation 
 903 similar to 
PRF:NP_567276.1:18412757:NP_56
7276 amidohydrolase family protein 
(Arabidopsis thaliana), partial (35%) -1.12 
A_92_P041713 17.6.1 
hormone 
metabolism.gibberelin.synthesis-
degradation 
ACG29607 ent-kaurene synthase B 
[Zea mays] -0.93 
A_92_P020866 17.03.01.02 
hormone 
metabolism.brassinosteroid.synthesis-
degradation.sterols 
 1446 similar to 
UP:Q6YWY7_ORYSA (Q6YWY7) 
Sterol desaturase-like, partial (98%) -0.83 
A_92_P036394 17.6.1 
hormone 
metabolism.gibberelin.synthesis-
degradation 
 1702 similar to UP:Q8S0S6_ORYSA 
(Q8S0S6) Gibberellin 2-oxidase, 
partial (46%) -0.78 
A_92_P007859 17.7.1.2 
hormone 
metabolism.jasmonate.synthesis-
degradation.lipoxygenase 
 893 similar to UP:LOX4_ORYSA 
(Q53RB0) Probable lipoxygenase 4  , 
partial (23%) -0.77 
A_92_P005060 17.5.1 
hormone 
metabolism.ethylene.synthesis-
degradation 
 1390 UP:Q6JN53_MAIZE (Q6JN53) 
Acc oxidase, complete -0.71 
A_92_P032273 17.1.1 
hormone metabolism.abscisic 
acid.synthesis-degradation 
530 homologue to 
UP:O23888_MAIZE (O23888) 
Aldehyde oxidase-2 , partial (9%) -0.71 
     
     
Secondary 
Metabolism       
     
A_92_P035736 16.2 
secondary 
metabolism.phenylpropanoids 
 1391 similar to UP:ZRP4_MAIZE 
(P47917) O-methyltransferase ZRP4  
(OMT) , partial (69%) -2.03 
A_92_P004468 16.1  secondary metabolism.isoprenoids 
NP_001105855 terpene synthase 3 
[Zea mays]  -1.49 
A_92_P019259 16.1 secondary metabolism.isoprenoids 
 1917 UP:Q84ZW8_MAIZE 
(Q84ZW8) Terpene synthase, 
complete -1.38 
A_92_P003968 16.7 secondary metabolism.wax 
ABL11231 putative b-keto acyl 
reductase [Hordeum vulgare subsp. 
vulgare]                  -1.09 
A_92_P014228 16.2.1.03 
secondary 
metabolism.phenylpropanoids.lignin 
biosynthesis.4CL 
 2110 UP:Q6Q297_MAIZE (Q6Q297) 
4-coumarate coenzyme A ligase, 
complete -0.86 
A_92_P011443 16.8.4 
secondary 
metabolism.flavonoids.flavonols 
1245 homologue to 
UP:Q43262_MAIZE (Q43262) 
Flavanone 3-beta-hydroxylase  , 
complete -0.81 
A_92_P005089 16.1.2 
secondary 
metabolism.isoprenoids.mevalonate 
pathway 
 1534 similar to UP:Q8L7R2_ARATH 
(Q8L7R2) 3-hydroxy-3-methylglutaryl-
coenzyme A reductase 2, partial 
(77%) -0.71 
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A_92_P029136 16.2 
secondary 
metabolism.phenylpropanoids 
ACG47332 AMP-binding protein [Zea 
mays]                 -0.71 
     
     
Amino Acid 
Metabolism       
     
A_92_P041131 13.2.3.1 
amino acid 
metabolism.degradation.aspartate 
family.asparagine 
 1369 similar to UP:ASPG_LUPLU 
(Q9ZSD6) L-asparaginase  (L-
asparagine amidohydrolase) , partial 
(86%) -1.05 
A_92_P016888 13.1.5.3.01 
amino acid 
metabolism.synthesis.serine-glycine-
cysteine group.cysteine.OASTL 
 1449 UP:CYSK_MAIZE (P80608) 
Cysteine synthase  (O-acetylserine 
sulfhydrylase) (O-acetylserine (Thiol)-
lyase) (CSase) (OAS-TL) , complete -0.90 
     
     
Lipid Metabolism       
     
A_92_P012703 11.7 lipid metabolism.unassigned 
 similar to RF|NP 
180232.1|15225767|NM 128221 
acyltransferase {Arabidopsis thaliana} 
(exp=-1; wgp=0; cg=0), partial (38%) -1.22 
A_92_P006702 11.9.3 
lipid metabolism.lipid 
degradation.lysophospholipases 
 2306 UP:Q6QJ78_MAIZE (Q6QJ78) 
Phospholipase C, complete -1.07 
A_92_P027951 11.8.1 
 lipid metabolism.'exotics' (steroids, 
squalene etc).sphingolipids 
 787 similar to UP:Q852R1_LOTJA 
(Q852R1) Serine 
palmitoyltransferase, partial (30%) -1.00 
A_92_P036185 11.3 
lipid metabolism.Phospholipid 
synthesis 
 1163 similar to UP:Q84XL8_9LILI 
(Q84XL8) Digalactosyldiacylglycerol 
synthase (Fragment), partial (54%) -0.91 
A_92_P033076 11.5 lipid metabolism.glyceral metabolism 
 1845 similar to UP:Q6RJ33_9LILI 
(Q6RJ33) Glycerol kinase  , partial 
(97%) -0.79 
     
     
Cell Wall         
     
A_92_P017506 10.3 cell wall.hemicellulose synthesis 
708 weakly similar to 
UP:Q9SYK9_ARATH (Q9SYK9) 
F3F20.13 protein (At1g05680), partial 
(27%) UDP-glucoronosyl/UDP-
glucosyl transferase -0.91 
A_92_P015829 10.3 cell wall.hemicellulose synthesis 
 1725 weakly similar to 
UP:UDB2_RAT (P08541) UDP-
glucuronosyltransferase 2B2 
precursor  (UDPGT) (3-
hydroxyandrogen specific) (UDPGTR-
4) (RLUG23) , partial (7%) -0.88 
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A_92_P000704 10.6.3 
cell wall.degradation.pectate lyases 
and polygalacturonases 
1376 similar to UP:PGIP1_ORYSA 
(Q8GT95) Polygalacturonase inhibitor 
1 precursor (Polygalacturonase-
inhibiting protein) (Floral organ 
regulator 1), partial (96%) -0.87 
A_92_P013700 10.4 cell wall.pectin synthesis 
 977 similar to 
PRF:NP_564983.1:18409445:NP_56
4983 glycosyl transferase family 8 
protein (Arabidopsis thaliana), partial 
(19%) -0.86 
A_92_P007780 10.4 cell wall.pectin synthesis 
 727 similar to UP:Q5JM51_ORYSA 
(Q5JM51) Glycosyl transferase family 
8 protein-like, partial (25%) -0.77 
A_92_P018065 10.7 cell wall.modification 
 1317 similar to UP:Q6QFA6_WHEAT 
(Q6QFA6) Expansin EXPA7, partial 
(96%) -0.76 
A_92_P012268 10.2 cell wall.cellulose synthesis 
 1499 similar to UP:Q69F98_PHAVU 
(Q69F98) Phytochelatin synthetase-
like protein, partial (62%) -0.75 
A_92_P036761 10.2 cell wall.cellulose synthesis 
ACG29048 CSLE6 - cellulose 
synthase-like family E [Zea mays]                  -0.72 
A_92_P038168 10.5.1 cell wall.cell wall proteins.AGPs 
 1376 similar to UP:Q5N9U4_ORYSA 
(Q5N9U4) Endosperm specific 
protein-like, partial (70%) -0.71 
     
     
Development       
     
A_92_P015377 33.99 development.unspecified 
 1525 similar to UP:Q8S4X0_PEA 
(Q8S4X0) Embryo-abundant protein 
EMB, partial (25%) -1.74 
A_92_P030069 33.99 development.unspecified 
 1265 homologue to UP:IN21_MAIZE 
(P49248) IN2-1 protein, complete -1.37 
A_92_P023149 33.99 development.unspecified 
 1083 similar to UP:Q5N8J1_ORYSA 
(Q5N8J1) MtN3-like, complete -1.13 
A_92_P018803 33.88 development.unspecified 
ACG30167 sec12-like protein 1 [Zea 
mays]                 -0.86 
     
     
Cell Organization       
     
A_92_P014061 31.1 cell.organization 
2107 homologue to 
UP:Q9FUS4_SETIT (Q9FUS4) Actin, 
complete -1.07 
A_92_P029926 31.1 cell.organisation 
 1620 similar to UP:Q84VU1_DAUCA 
(Q84VU1) 65kD microtubule 
associated protein, partial (58%) -1.06 
A_92_P008734 31.1 cell.organization 
 1750 UP:TBB6_MAIZE (Q41783) 
Tubulin beta-6 chain (Beta-6 tubulin), 
complete -1.02 
A_92_P015345 31.1 cell.organisation 
 806 similar to UP:Q9FJD5_ARATH 
(Q9FJD5) Laccase (Diphenol 
oxidase) (At5g60020), partial (26%) -0.89 
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A_92_P003305 31.1 cell.organisation 
 846 similar to UP:ADF1_PETHY 
(Q9FVI2) Actin-depolymerizing factor 
1 (ADF 1), complete -0.81 
     
     
Redox         
     
A_92_P029619 21 redox 
 1447 weakly similar to 
PRF:NP_566623.1:18402079:NP_56
6623 oxidoreductase, 2OG-Fe(II) 
oxygenase family protein (Arabidopsis 
thaliana), partial (71%) -1.04 
A_92_P007906 21.01 redox.thioredoxin 
 969 weakly similar to 
UP:TRXM_BRANA (Q9XGS0) 
Thioredoxin M-type, chloroplast 
precursor (TRX-M), partial (62%) -0.91 
A_92_P030005 21.2.1 
redox.ascorbate and 
glutathione.ascorbate 
 1778 similar to UP:Q6ZJ08_ORYSA 
(Q6ZJ08) Monodehydroascorbate 
reductase, complete -0.82 
     
     
Minor CHO Metabolism     
     
A_92_P021967 3.5 minor CHO metabolism.others 
ACG36394  NAD(P)H-dependent 
oxidoreductase [Zea mays]                -1.81 
A_92_P030063 3.1.1.01 
 minor CHO metabolism.raffinose 
family.galactinol synthases.known 
 874 homologue to 
UP:Q5DVS7_MAIZE (Q5DVS7) 
Galactinol synthase 1  , partial (47%) -1.23 
A_92_P007542 3.5 minor CHO metabolism.others 
ACG34871 NAD(P)H-dependent 
oxidoreductase [Zea mays]                 -1.07 
A_92_P025409 3.1.2.02 
minor CHO metabolism.raffinose 
family.raffinose synthases.putative 
2536 UP:Q575Z6_MAIZE (Q575Z6) 
Alkaline alpha galactosidase 3  , 
complete -0.80 
     
     
Fermentation       
     
A_92_P013544 5.10 fermentation.aldehyde dehydrogenase 
 1903 UP:Q8S529_MAIZE (Q8S529) 
Cytosolic aldehyde dehydrogenase 
RF2D, complete -1.58 
     
     
Glycolysis         
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A_92_P004702 4.05 
glycolysis.pyrophosphate-fructose-6-P 
phosphotransferase 
 2755 homologue to 
GB:BAB55499.1:14090340:AP00297
2 putatative pyrophosphate--fructose-
6-phosphate1 phosphotransferase 
(Oryza sativa (japonica cultivar-
group)), partial (67%) -0.77 
     
     
C4 Photosynthesis       
     
A_92_P000780 36.1 C4.Photosynthesis 
1611 similar to UP:O64910_PEA 
(O64910) Glucose-6-
phosphate:phosphate-translocator 
precursor, partial (75%) -0.77 
A_92_P029778 36.1 C4.Photosynthesis 
 1329 similar to UP:TPT2_BRAOB 
(P52178) Triose 
phosphate:phosphate translocator, 
non-green plastid, chloroplast 
precursor (CTPT), partial (57%) -0.76 
     
     
Misc.         
     
A_92_P004241 26.03 
misc.gluco-, galacto- and 
mannosidases 
BAC84503  putative beta-1,3-
glucanase [Oryza sativa Japonica 
Group]                 -3.00 
A_92_P024063 26.1 misc.cytochrome P450 
ABA97037 Cytochrome P450 family 
protein, expressed [Oryza sativa 
(japonica cultivar-group)]     -1.78 
A_92_P025599 26.1 misc.cytochrome P450 
(' similar to 
GP|15408780|dbj|BAB64180. 
cytochrome P450-like protein {Oryza 
sativa (japonica cultivar-group)}, 
partial (9%)), BAD17629  putative 
thromboxane-A synthase [Oryza 
sativa Japonica Group] -1.55 
A_92_P041998 26.27 
misc.calcineurin-like phosphoesterase 
family protein 
 609 similar to UP:Q53KP2_ORYSA 
(Q53KP2) At1g18480:F15H18_1, 
partial (32%) -1.33 
A_92_P022169 26.12 misc.peroxidases 
 1513 similar to UP:O81524_AVESA 
(O81524) Peroxidase PXC2 
precursor, partial (85%) -1.31 
A_92_P016764 26.1 misc.cytochrome P450 
 589 similar to UP:Q69NQ0_ORYSA 
(Q69NQ0) Elicitor-inducible 
cytochrome P450-like, partial (10%) -1.30 
A_92_P040791 26.08 
misc.nitrilases, *nitrile lyases, 
berberine bridge enzymes, reticuline 
oxidases, troponine reductases 
 weakly similar to UP|Q7G6E7 
ORYSA (Q7G6E7) Amidase, partial 
(34%) -1.25 
A_92_P034521 26.11.01 misc.alcohol dehydrogenases 
 weakly similar to UP|Q2QVJ8 
ORYSA (Q2QVJ8) Allyl alcohol 
dehydrogenase, partial (44%) -1.05 
A_92_P008963 26.01 misc.misc2 
 1168 weakly similar to 
UP:Q9ZP87_TOBAC (Q9ZP87) 
Epoxide hydrolase, partial (69%) -1.05 
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A_92_P036511 26.11 misc.alcohol dehydrogenases 
 1535 similar to UP:Q8RV10_ARATH 
(Q8RV10) AT5g24760:T4C12_30, 
partial (93%) alcohol dehydrogenase -0.99 
A_92_P004287 26.03 
misc.gluco-, galacto- and 
mannosidases 
 384 weakly similar to 
PRF:NP_567055.1:18410809:NP_56
7055 glycoside hydrolase family 28 
protein : polygalacturonase 
(pectinase) family protein 
(Arabidopsis thaliana), partial (19%) -0.90 
A_92_P011382 26.12 misc.peroxidases 
1012 UP:Q9ZTS8_MAIZE (Q9ZTS8) 
Anionic peroxidase H, complete -0.83 
A_92_P012299 26.22 
misc.short chain 
dehydrogenase/reductase (SDR) 
 1230 weakly similar to 
UP:Q6H7C9_ORYSA (Q6H7C9) 
Short-chain 
dehydrogenase:reductase protein-
like, partial (56%) -0.83 
A_92_P024442 26.10 misc.cytochrome P450 
 537 weakly similar to 
UP:C71E1_SORBI (O48958) 
Cytochrome P450 71E1  (4-
hydroxyphenylacetaldehyde oxime 
monooxygenase) , partial (26%) -0.78 
A_92_P016763 26.09 misc.glutathione S transferases 
 1434 UP:Q9ZP61_MAIZE (Q9ZP61) 
GST6 protein  , complete -0.73 
A_92_P016652 26.10 misc.cytochrome P450 
 834 similar to UP:Q8S9F0_ORYSA 
(Q8S9F0) Cytochrome P450, partial 
(46%) -0.72 
A_92_P011466 26.23 misc.rhodanese 
 944 similar to UP:Q94A65_ARATH 
(Q94A65) AT4g27700:T29A15_190, 
partial (77%), rhodanese-like domain 
containing -0.71 
     
     
No Ontology       
     
A_92_P021630 35.1 not assigned.no ontology 
 898 weakly similar to 
PRF:NP_566732.1:18403820:NP_56
6732 dienelactone hydrolase family 
protein (Arabidopsis thaliana), partial 
(77%) -2.47 
A_92_P032299 35.1 not assigned.no ontology 
 1891 homologue to 
UP:O48888_MAIZE (O48888) ATP 
sulfurylase , complete -2.00 
A_92_P022341 35.2  not assigned.uknown 
EEF48837  ATP binding protein, 
putative [Ricinus communis] -1.74 
A_92_P020632 35.1 not assigned.no ontology 
 weakly similar to RF|NP 
180431.1|15226916|NM 128424 
acyltransferase {Arabidopsis thaliana} 
(exp=-1; wgp=0; cg=0), partial (25%) -1.46 
A_92_P010989 35.2 not assigned.uknown 
 676 similar to UP:AGA1_YEAST 
(P32323) A-agglutinin attachment 
subunit precursor, partial (4%) -1.45 
A_92_P015090 35.1.5 
not assigned.no 
ontology.pentatricopeptide (PPR) 
repeat-containing protein 
 786 weakly similar to 
UP:Q66GP4_ARATH (Q66GP4) 
At5g13770, partial (20%) -1.35 
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A_92_P012688 35.2 not assigned.unknown 
 1439 similar to UP:NRG3_HUMAN 
(P56975) Pro-neuregulin-3, 
membrane-bound isoform precursor 
(Pro-NRG3) [Contains: Neuregulin-3 
(NRG-3)], partial (3%) -1.17 
A_92_P019011 35.2 not assigned.unknown 
ACG35502 lipopolysaccharide-
modifying protein [Zea mays]                  -1.16 
A_92_P028121 35.1 not assigned.no ontology 
 849 weakly similar to 
UP:Q7XJ26_HORVU (Q7XJ26) 
Iron:ascorbate-dependent 
oxidoreductase, partial (41%) -1.15 
A_92_P005678 35.1 not assigned.no ontology 
 1639 similar to UP:Q9LGF6_ORYSA 
(Q9LGF6) 3 -N-debenzoyltaxol N-
benzoyltransferase-like, partial (88%) -1.14 
A_92_P026509 35.1 not assigned.no ontology 
 982 homologue to 
UP:Q5ZDA1_ORYSA (Q5ZDA1) 
BCS1 protein-like, partial (44%) -1.12 
A_92_P039916 35.2  not assigned.unknown 
 466 weakly similar to 
UP:Q9LLM1_WHEAT (Q9LLM1) EF-
hand Ca2+-binding protein CCD1, 
partial (70%) -1.11 
A_92_P021726 35.2 not assigned.unknown 
weakly similar to ACG45478  ATP-
dependent Clp protease adaptor 
protein ClpS containing protein [Zea 
mays] -1.08 
A_92_P041833 35.2 not assigned.unknown 
 617 similar to UP:Q5QMP3_ORYSA 
(Q5QMP3) Fiber protein Fb2-like, 
partial (48%) -0.97 
A_92_P033860 35.1 not assigned.no ontology 
 744 similar to UP:Q5ZDA1_ORYSA 
(Q5ZDA1) BCS1 protein-like, partial 
(19%) -0.91 
A_92_P007025 35.2 not assigned.unknown 
 1995 weakly similar to 
UP:WSC3_YEAST (Q12215) Cell wall 
integrity and stress response 
component 3 precursor, partial (4%) -0.89 
A_92_P032716 35.1 not assigned.no ontology 
 636 weakly similar to 
UP:Q9SD45_ARATH (Q9SD45) 
Epoxide hydrolase-like protein 
(AT3g51000:F24M12_40), partial 
(18%) -0.86 
A_92_P025394 35.1.21 
not assigned.no ontology.epsin N-
terminal homology (ENTH) domain-
containing protein 
 1656 weakly similar to 
PRF:NP_190238.1:15231451:NP_19
0238 epsin N-terminal homology 
(ENTH) domain-containing protein : 
clathrin assembly protein-related 
(Arabidopsis thaliana), partial (28%) -0.80 
A_92_P021201 35.1.2 
not assigned.no ontology.agenet 
domain-containing protein 
 811 similar to UP:Q500V5_ARATH 
(Q500V5) At1g09320, partial (6%) 
agenet-domain containing -0.79 
A_92_P012873 35.2 not assigned.unknown 
1076 similar to UP:Q6L8G3_ORYSA 
(Q6L8G3) Ferric reductase, partial 
(45%) -0.76 
A_92_P018888 35.1 not assigned.no ontology 
 497 weakly similar to 
UP:Q69UD7_ORYSA (Q69UD7) 0-
deacetylbaccatin III-10-O-acetyl 
transferase-like, partial (27%) -0.72 
A_92_P012968 35.1 not assigned.no ontology 
 1870 PIR:T04136:T04136 cell death 
suppressor protein lls1 - maize (Zea -0.72 
 139 
 
Supplementary Table 2 (cont.) 
ID 
BIN 
CODE BIN NAME GENE DESCRIPTION 
Log 
FC 
mays), complete 
A_92_P039583 35.1 not assigned.no ontology 
 866 similar to UP:DDPS5_ARATH 
(Q570Q8) Dehydrodolichyl 
diphosphate synthase 5  (Dedol-PP 
synthase 5) , partial (20%) -0.71 
A_92_P023186 35.2 not assigned.unknown 
648 similar to UP:Q6L8G3_ORYSA 
(Q6L8G3) Ferric reductase, partial 
(11%) -0.71 
     
     
Unknown         
     
A_92_P035716 N/A N/A 
 1796 UP:Q8IP68_DROME (Q8IP68) 
CG31813-PA, partial (9%) -1.76 
A_92_P007969 N/A N/A  308 unknown -1.67 
A_92_P019950 N/A N/A 
NP_001106265 ZCN26 protein [Zea 
mays] -1.62 
A_92_P033112 N/A N/A 
ABA94937 Leucine Rich Repeat 
family protein [Oryza sativa (japonica 
cultivar-group)]                 -1.54 
A_92_P023827 N/A N/A  448 unknown -1.43 
A_92_P008078 N/A N/A 
 602 similar to UP:Q6NSL3_HUMAN 
(Q6NSL3) SRRM2 protein 
(Fragment), partial (4%) -1.42 
A_92_P009246 N/A N/A 
 301 Rxo-3_G10 subtracted cDNA 
library of maize inbred line B73 
infected with Xanthomonas oryzae pv. 
oryzicola strain BLS222 Zea mays 
cDNA clone Rxo-3_G10, mRNA 
sequence.  -1.39 
A_92_P020428 N/A N/A  390 unknown -1.34 
A_92_P024275 N/A N/A 
 522 similar to 
PRF:NP_188893.1:15228776:NP_18
8893 expressed protein (Arabidopsis 
thaliana), partial (65%) -1.31 
A_92_P016951 N/A N/A 
 1158 weakly similar to 
UP:Q9FG96_ARATH (Q9FG96) 
Gb:AAF04872.1 
(AT5g50150:MPF21_17), partial 
(14%) -1.31 
A_92_P000042 N/A N/A 
 1360 homologue to 
UP:Q53NY5_ORYSA (Q53NY5) 
Expressed protein, partial (46%) -1.29 
A_92_P015427 N/A N/A 
 777 similar to UP:Q54377_STRLN 
(Q54377) LmrB protein, partial (6%) -1.27 
A_92_P036560 N/A N/A  587 unknown -1.27 
A_92_P041350 N/A N/A 
 602 similar to UP:Q4SKD2_TETNG 
(Q4SKD2) Chromosome 13 
SCAF14566, whole genome shotgun 
sequence. (Fragment), partial (4%) -1.27 
A_92_P033976 N/A N/A 
 1998 weakly similar to 
UP:Q93YG9_LYCES (Q93YG9) 
Insulin degrading enzyme, partial 
(43%) -1.27 
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A_92_P011878 N/A N/A 
 831 similar to UP:Q852F8_ORYSA 
(Q852F8) Expressed protein, partial 
(61%) -1.23 
A_92_P009383 N/A N/A 
 2710 homologue to 
UP:AMER1_HUMAN (Q9Y4X0) 
AMME syndrome candidate gene 1 
protein, partial (9%) -1.18 
A_92_P040860 N/A N/A  730 unknown -1.16 
A_92_P031602 N/A N/A 
 2725 weakly similar to 
UP:CY24B_HUMAN (P04839) 
Cytochrome B-245 heavy chain (P22 
phagocyte B-cytochrome) (Neutrophil 
cytochrome B, 91 kDa polypeptide) 
(CGD91-PHOX) (GP91-PHOX) 
(GP91-1) (Heme binding membrane 
glycoprotein GP91PHOX) 
(Cytochrome B(558) beta -1.11 
A_92_P013206 N/A N/A 
 577 similar to 
PRF:NP_197196.1:15237879:NP_19
7196 expressed protein (Arabidopsis 
thaliana), partial (76%) -1.07 
A_92_P003021 N/A N/A 
 915 weakly similar to 
UP:Q6RJY7_CAPAN (Q6RJY7) 
Elicitor-inducible protein EIG-J7, 
partial (69%) -1.06 
A_92_P022186 N/A N/A 
 1395 similar to 
PRF:NP_194881.2:30689062:NP_19
4881 expressed protein (Arabidopsis 
thaliana), partial (78%) -1.05 
A_92_P003470 N/A N/A  569 GB:AY107589.1:AY107589.1   -1.05 
A_92_P023459 N/A N/A 
 533 weakly similar to 
UP:Q5QIS9_HORLE (Q5QIS9) Bx2-
like protein, partial (14%) -1.03 
A_92_P037627 N/A N/A 
 658 similar to UP:Q7XUF9_ORYSA 
(Q7XUF9) OJ991113_30.7 protein, 
partial (14%) -1.03 
A_92_P035257 N/A N/A 
 993 weakly similar to 
PRF:NP_177728.1:15222928:NP_17
7728 expressed protein (Arabidopsis 
thaliana), partial (18%) -1.01 
A_92_P031095 N/A N/A  1002 unknown -1.00 
A_92_P002007 N/A N/A 
 720 weakly similar to 
PRF:NP_849433.1:30686484:NP_84
9433 expressed protein (Arabidopsis 
thaliana), partial (13%) -0.99 
A_92_P028452 N/A N/A 
 1608 Zea mays clone 
EL01N0364D05.c mRNA sequence -0.99 
A_92_P000668 N/A N/A  675 unknown -0.99 
A_92_P027849 N/A N/A 
 967 similar to UP:Q7XUF9_ORYSA 
(Q7XUF9) OJ991113_30.7 protein, 
partial (20%) -0.99 
A_92_P038061 N/A N/A 
 1313 weakly similar to 
PRF:NP_193076.2:42566752:NP_19
3076 expressed protein (Arabidopsis 
thaliana), partial (83%) -0.98 
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A_92_P029044 N/A N/A 
 1447 weakly similar to 
PRF:NP_566623.1:18402079:NP_56
6623 oxidoreductase, 2OG-Fe(II) 
oxygenase family protein (Arabidopsis 
thaliana), partial (71%) -0.98 
A_92_P031618 N/A N/A 
EEF45192  serine-threonine protein 
kinase, plant-type, putative [Ricinus 
communis]                -0.97 
A_92_P008097 N/A N/A 
 671 similar to UP:Q5N7Q7_ORYSA 
(Q5N7Q7) Wall-associated kinase 4-
like, partial (18%) -0.96 
A_92_P009470 N/A N/A 
 1891 Zea mays clone Contig854.F 
mRNA sequence -0.96 
A_92_P019840 N/A N/A 
 838 Zea mays clone Contig555.F 
mRNA sequence -0.94 
A_92_P019482 N/A N/A  1401 unknown -0.93 
A_92_P021845 N/A N/A 
 1102 weakly similar to 
PRF:NP_198523.1:15240103:NP_19
8523 expressed protein (Arabidopsis 
thaliana), complete -0.93 
A_92_P013902 N/A N/A 
 1509 homologue to 
UP:Q5U7K3_9POAL (Q5U7K3) 
Auxin-induced protein (Fragment), 
partial (88%) -0.93 
A_92_P028209 N/A N/A 
 2012 homologue to 
UP:Q5QMH5_ORYSA (Q5QMH5) 
Ankyrin-like protein, complete -0.91 
A_92_P032263 N/A N/A  423 unknown -0.91 
A_92_P012278 N/A N/A 
 1111 weakly similar to 
PRF:NP_197567.1:15242032:NP_19
7567 expressed protein (Arabidopsis 
thaliana), partial (33%) -0.91 
A_92_P011352 N/A N/A 
 1391 similar to UP:Q9XEY1_TOBAC 
(Q9XEY1) Nt-iaa2.3 deduced protein, 
partial (60%) -0.91 
A_92_P039626 N/A N/A 
642 similar to UP:Q9AVE0_ARALY 
(Q9AVE0) SRKb, partial (7%) -0.90 
A_92_P015147 N/A N/A 
 1386 homologue to 
UP:Q6YZ10_ORYSA (Q6YZ10) 27k 
vesicle-associated membrane protein-
associated protein-like, partial (87%) -0.90 
A_92_P034241 N/A N/A 
ACG35134  disulfide oxidoreductase/ 
monooxygenase/ oxidoreductase 
[Zea mays]                -0.90 
A_92_P007774 N/A N/A  529 unknown -0.89 
A_92_P019263 N/A N/A 
 1771 weakly similar to 
UP:Q9SA72_ARATH (Q9SA72) 
T5I8.2 protein, partial (11%) -0.89 
A_92_P021190 N/A N/A 
 416 similar to 
PRF:NP_850272.1:30686956:NP_85
0272 expressed protein (Arabidopsis 
thaliana), partial (37%) -0.88 
A_92_P002305 N/A N/A 
 1354 similar to UP:Q9SCZ4_ARATH 
(Q9SCZ4) Receptor-protein kinase-
like protein, partial (33%) -0.88 
A_92_P009825 N/A N/A 
 1407 similar to 
PRF:NP_194681.1:15233608:NP_19
4681 expressed protein (Arabidopsis 
thaliana), partial (51%) -0.88 
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A_92_P019120 N/A N/A 
AAS87224 RNA-dependent RNA 
polymerase readthrough protein 
[Odontoglossum ringspot virus]                -0.88 
A_92_P015675 N/A N/A 
 1417 UP:Q9M582_MAIZE (Q9M582) 
Hypersensitive-induced response 
protein, complete -0.87 
A_92_P032583 N/A N/A 
 1109 similar to UP:O82115_ORYSA 
(O82115) Zinc finger protein, partial 
(49%) -0.86 
A_92_P040003 N/A N/A 
 1367 similar to 
PRF:NP_567034.1:18410430:NP_56
7034 Met-10+ like family protein 
(Arabidopsis thaliana), partial (52%) -0.86 
A_92_P035814 N/A N/A  1148 unknown -0.86 
A_92_P039237 N/A N/A 
 2601 Zea mays clone 
EL01N0327E09.c mRNA sequence -0.86 
A_92_P010023 N/A N/A 
 1305 similar to PIR:A40505:A40505 
early protein EP0 (strain Indiana-
Funkhuser or Becker) (Suid 
herpesvirus 1), partial (5%) -0.85 
A_92_P010734 N/A N/A 
 776 similar to UP:Q9FM85_ARATH 
(Q9FM85) Protein kinase-like protein 
(At5g56460), partial (32%) -0.85 
A_92_P008018 N/A N/A 
 1513 similar to UP:Q7XQG9_ORYSA 
(Q7XQG9) OJ000114_01.8 protein, 
partial (45%) -0.85 
A_92_P026172 N/A N/A 
ACA64825 SKIP interacting protein 
35 [Oryza sativa Indica Group]                 -0.84 
A_92_P042000 N/A N/A 
 646 homologue to 
PIR:G86434:G86434 protein 
F17F8.23 [imported] (Arabidopsis 
thaliana), partial (5%) -0.84 
A_92_P037850 N/A N/A 
ACG28817  protein kinase [Zea 
mays]                -0.83 
A_92_P022247 N/A N/A  757 unknown -0.83 
A_92_P032381 N/A N/A AAA62273 ORF2                 -0.83 
A_92_P025905 N/A N/A 
 1941 UP:Q94CG7_MAIZE (Q94CG7) 
Seven transmembrane protein Mlo8, 
complete -0.83 
A_92_P023129 N/A N/A 
 899 Zea mays clone 
EL01N0320A07.c mRNA sequence -0.82 
A_92_P011667 N/A N/A 
 2132 Zea mays clone 
EL01N0424A03.d mRNA sequence -0.82 
A_92_P018153 N/A N/A 
 637 similar to UP:O81098_ARATH 
(O81098) RNA polymerase I, II and III 
24.3 kDa subunit 
(AT3g22320:MCB17_5) , partial 
(46%) -0.81 
A_92_P014537 N/A N/A  778 unknown -0.81 
A_92_P025305 N/A N/A 
 3033 homologue to 
UP:Q6V9T1_ORYSA (Q6V9T1) 
Glycine dehydrogenase P protein, 
partial (88%) -0.81 
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A_92_P001115 N/A N/A 
 760 similar to 
PRF:NP_564277.1:18396294:NP_56
4277 expressed protein (Arabidopsis 
thaliana), partial (90%) -0.81 
A_92_P021993 N/A N/A 
 2340 Zea mays clone Contig306 
mRNA sequence -0.81 
A_92_P020996 N/A N/A 
 526 similar to UP:Q5N8N6_ORYSA 
(Q5N8N6) SF16 protein-like, partial 
(11%) chaperonin, putative -0.81 
A_92_P039732 N/A N/A 
NP_176158 transcription factor-
related [Arabidopsis thaliana] -0.80 
A_92_P009724 N/A N/A 
ACG30427 monooxygenase [Zea 
mays]                                   -0.80 
A_92_P009015 N/A N/A 
 1150 Zea mays clone Contig304 
mRNA sequence -0.80 
A_92_P011078 N/A N/A 
 788 homologue to 
UP:Q5N7Q7_ORYSA (Q5N7Q7) 
Wall-associated kinase 4-like, partial 
(20%) -0.80 
A_92_P018195 N/A N/A 
 523 similar to UP:Q67VH6_ORYSA 
(Q67VH6) S-receptor kinase PK3-like, 
partial (7%) -0.80 
A_92_P025352 N/A N/A 
 1880 similar to UP:Q69SH3_ORYSA 
(Q69SH3) PTS protein-like, partial 
(89%) -0.80 
A_92_P033133 N/A N/A 
1206 similar to UP:Q4F886_ORYSA 
(Q4F886) DT-related protein, partial 
(68%) -0.79 
A_92_P003225 N/A N/A 
ABZ80144 tumor necrosis factor 
receptor [Vaccinia virus GLV-1h68]                 -0.79 
A_92_P007709 N/A N/A 
 611 similar to 
PRF:NP_565714.1:18402553:NP_56
5714 expressed protein (Arabidopsis 
thaliana), partial (97%) -0.79 
A_92_P012432 N/A N/A  679 unknown -0.79 
A_92_P008542 N/A N/A 
 217 similar to UP:Q4RSS0_TETNG 
(Q4RSS0) Chromosome 12 
SCAF14999  whole genome shotgun 
sequence, partial (2%) -0.79 
A_92_P015537 N/A N/A 
 807 weakly similar to 
UP:Q07065_HUMAN (Q07065) P63 
protein (Cytoskeleton-associated 
protein 4), partial (4%) -0.78 
A_92_P039828 N/A N/A 
 449 similar to UP:Q9LJH9_ARATH 
(Q9LJH9) Gb:AAD25781.1, partial 
(4%) -0.78 
A_92_P008126 N/A N/A 
 1491 weakly similar to 
UP:SPAST_HUMAN (Q9UBP0) 
Spastin, partial (4%) -0.78 
A_92_P012141 N/A N/A 
 1594 similar to 
PRF:NP_568988.2:30697982:NP_56
8988 2-nitropropane dioxygenase 
family : NPD family (Arabidopsis 
thaliana), partial (73%) -0.78 
A_92_P031284 N/A N/A 
 1787 Zea mays clone Contig967.F 
mRNA sequence -0.78 
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A_92_P030865 N/A N/A 
 1801 weakly similar to 
PRF:NP_566658.1:18402564:NP_56
6658 expressed protein (Arabidopsis 
thaliana), partial (28%) -0.78 
A_92_P034508 N/A N/A 
 743 similar to UP:Q5BMC5_CYATE 
(Q5BMC5) Phosphomannose 
isomerase, partial (27%) -0.77 
A_92_P023616 N/A N/A 
 1163 similar to UP:Q9XEY6_TOBAC 
(Q9XEY6) Nt-iaa4.1 deduced protein, 
partial (53%) -0.77 
A_92_P013699 N/A N/A 
 1976 similar to 
PRF:NP_194432.1:15236947:NP_19
4432 expressed protein (Arabidopsis 
thaliana), partial (86%) -0.77 
A_92_P034156 N/A N/A  683 unknown -0.76 
A_92_P039117 N/A N/A 
 1376 weakly similar to 
PRF:NP_195917.1:15242576:NP_19
5917 hydrolase, alpha:beta fold family 
protein (Arabidopsis thaliana), partial 
(41%) -0.76 
A_92_P030677 N/A N/A 
 1569 similar to UP:Q940N6_ARATH 
(Q940N6) AT5g21070:T10F18_100, 
partial (91%) -0.75 
A_92_P003366 N/A N/A 
 726 similar to 
PRF:NP_568966.1:18424673:NP_56
8966 expressed protein (Arabidopsis 
thaliana), partial (19%) -0.75 
A_92_P018433 N/A N/A 
 841 similar to UP:Q84SH1_ORYSA 
(Q84SH1) Serine:threonine kinase 
receptor-like protein, partial (28%) -0.75 
A_92_P002784 N/A N/A 
 2844 homologue to 
UP:RL7A_ORYSA (P35685) 60S 
ribosomal protein L7a, complete -0.74 
A_92_P015312 N/A N/A 
 784 weakly similar to 
UP:FIBH_BOMMO (P05790) Fibroin 
heavy chain precursor (Fib-H) (H-
fibroin), partial (4%) -0.74 
A_92_P033895 N/A N/A 
 823 similar to UP:Q5VQE5_ORYSA 
(Q5VQE5) Alpha:beta hydrolase-like, 
partial (31%) -0.74 
A_92_P039755 N/A N/A 207 unknown -0.74 
A_92_P004959 N/A N/A 
 1535 similar to UP:Q8RV10_ARATH 
(Q8RV10) AT5g24760:T4C12_30, 
partial (93%), alcohol dehydrogenase -0.73 
A_92_P005332 N/A N/A  683 unknown -0.73 
A_92_P023201 N/A N/A 
 817 homologue to 
PRF:NP_174029.1:15223426:NP_17
4029 glycine-rich protein (Arabidopsis 
thaliana), partial (6%) -0.73 
A_92_P007306 N/A N/A  580 unknown -0.73 
A_92_P006792 N/A N/A 
EEF43744  DNA binding protein, 
putative [Ricinus communis]                -0.73 
A_92_P003133 N/A N/A 
 470 homologue to 
PRF:NP_563676.1:18379060:NP_56
3676 splicing factor Prp18 family 
protein (Arabidopsis thaliana), partial 
(20%) -0.73 
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A_92_P010273 N/A N/A 
 1092 similar to UP:Q84QD7_TOBAC 
(Q84QD7) Avr9:Cf-9 rapidly elicited 
protein 276, partial (15%) -0.72 
A_92_P001903 N/A N/A 
 1092 weakly similar to 
UP:MSI1H_MOUSE (Q61474) RNA-
binding protein Musashi homolog 1 
(Musashi-1), partial (9%) -0.72 
A_92_P033687 N/A N/A 
ACG28836  protein kinase domain 
containing protein [Zea mays]                -0.72 
A_92_P022800 N/A N/A 
 1313 similar to UP:Q9LN49_ARATH 
(Q9LN49) F18O14.21, partial (57%) -0.72 
A_92_P003707 N/A N/A 
 2016 homologue to 
UP:Q75GI8_ORYSA (Q75GI8) 
Expressed protein, partial (96%) -0.72 
A_92_P022483 N/A N/A 
 969 similar to 
GB:BAB92487.1:20804803:AP00330
3 receptor-like protein kinase-like 
(Oryza sativa (japonica cultivar-
group)), partial (96%) -0.71 
A_92_P039337 N/A N/A  435 unknown -0.71 
A_92_P010955 N/A N/A 
 1322 homologue to 
UP:Q75HA8_ORYSA (Q75HA8) 
Expressed protein (With alternative 
splicing), partial (28%) -0.71 
A_92_P011500 N/A N/A 430 unknown -0.71 
A_92_P011076 N/A N/A 
1925 similar to UP:NRTN_HUMAN 
(Q99748) Neurturin precursor, partial 
(7%) -0.71 
A_92_P032944 N/A N/A 
 1451 weakly similar to 
UP:Q40713_ORYSA (Q40713) 
Protein kinase , partial (29%) -0.71 
A_92_P040721 N/A N/A 501 unknown -0.71 
A_92_P016896 N/A N/A 
 1693 Zea mays clone Contig101 
mRNA sequence -0.71 
A_92_P025814 N/A N/A 
 1730 Zea mays clone Contig405.F 
mRNA sequence -0.71 
A_92_P007038 N/A N/A 
YP_001187115 RNAse E 
[Pseudomonas mendocina ymp] -0.71 
A_92_P026980 N/A N/A 
 638 similar to 
GB:AAR27948.1:39545690:AY46369
1 DUR3 (Oryza sativa (japonica 
cultivar-group)), partial (14%) -0.71 
A_92_P039847 N/A N/A 
 1792 Zea mays clone 
EL01N0532D03.d mRNA sequence -0.71 
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Supplementary Table 3.  Transcripts for Rubisco, Rubisco interacting proteins and PPDK transcripts 
showing no significant log2 fold-change and maintained high average expression levels during the chilling 
treatment (14 °C) in comparison to the control treatment (25 °C).  
Probe ID Log2 FC      Avg Exp 
   
Rubisco Large Subunit (rbcL) 
TC310187 0.130 16.031 
CD970406 0.225 7.912 
DR961731 -0.029 8.141 
CF056299 0.188 9.980 
   
Rubisco Small Subunit (rbcS) 
TC286731 0.140 7.584 
TC303914 0.467 9.972 
TC309708 -0.017 7.382 
TC284238 -0.056 7.145 
TC286728 0.230 11.772 
   Rubisco Activase (rca1 and rca2) 
TC283863 0.556 10.152 
TC300568 0.594 15.606 
TC303023 0.635 9.909 
BG462567 0.351 8.204 
   
Rubisco Subunit Binding Proteins (cpn60A 
and cpn60B) 
TC282522 0.062 6.879 
DR831192 0.323 8.332 
TC296864 0.519 9.628 
TC297378 -0.013 6.926 
TC279597 0.194 12.015 
TC279255 0.544 12.570 
   Rubisco N-methyltransferase (rmt1) 
TC314791 0.052 7.147 
TC283589 0.213 11.768 
   Rubisco (unit unspecified) 
TC286732 0.030 6.993 
DR960408 0.067 7.163 
   PPDK (pdk1)   
CO440422 -0.071 9.958 
CD437832 0.063 6.985 
AW360516 0.040 15.986 
CF053666 0.114 7.049 
CD651784 -0.022 6.946 
CO462044 -0.018 7.316 
AI438490 -0.015 7.290 
TC286559 0.006 11.615 
DR824583 0.034 7.022 
TC286518 0.000 6.899 
CD981873 -0.041 7.169 
AW288518 0.083 7.133 
 
